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ABSTRACT
This work examines star formation in the debris assoiated with ollisions
of dwarf and spiral galaxies. While the spetaular displays of major mergers are
famous (e.g., NGC 4038/9, The Antennae), equal mass galaxy mergers are relatively
rare ompared to minor mergers (mass ratio < 0.3) Minor mergers are less energeti
than major mergers, but more ommon in the observable universe and, thus, likely
played a pivotal role in the formation of most large galaxies. Centers of mergers host
vigorous star formation from high gas density and turbulene and are surveyed over
osmologial distanes. However, the tidal debris resulting from these mergers have
not been well studied. Suh regions have large reservoirs of gaseous material that an
be used as fuel for subsequent star formation but also have lower gas density.
Traers of star formation at the loal and global sale have been examined for
three tidal tails in two minor merger systems. These traers inlude young star luster
populations, H-alpha, and [CII℄ emission. The rate of apparent star formation derived
from these traers is ompared to the gas available to estimate the star formation
eieny (SFE). The Western tail of NGC 2782 formed isolated star lusters while
massive star luster omplexes are found in the UGC 10214 (The Tadpole) and
Eastern tail of NGC 2782. Due to the lak of both observable CO and [CII℄ emission,
the observed star formation in the Western tail of NGC 2782 may have a low arbon
abundane and represent only the rst round of loal star formation. While the
Western tail has a normal SFE, the Eastern tail in the same galaxy has an low
observed SFE. In ontrast, the Tadpole tidal tail has a high observed star formation
rate and a orresponding high SFE. The low SFE observed in the Eastern tail of
NGC 2782 may be due to its origin as a splash region where loalized gas heating is
important. However, the other tails may be tidally formed regions where gravitational
ompression likely dominates and enhanes the loal star formation.
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Chapter 1
INTRODUCTION
This work fouses on galaxies that are merging. Merging galaxies are most often
lassied as irregular or peuliar rather than as regularly shaped spiral and elliptial
galaxies. These mergers are often haraterized by disturbed morphologies and an
often have long narrow tails or plumes possibly extending from their haoti enters.
See Figure 1.1 for example images of galaxy mergers from the Atlas of Peuliar
Galaxies (Arp, 1966). Possibly the rst reognition of peuliar galaxies as ollisions
or apture is by Holmberg (1941), who performed the rst simulation of a galaxy
ollision, long before omputers were up to the task. His analog simulation
disovered that galaxies an lose enough kineti energy to thermal energy that they
will merge together. In addition, tidal fores in the ollision an deform the galaxies.
Further simulations (e.g., Toomre & Toomre, 1972; Barnes & Hernquist, 1996) have
shown that whether or not two galaxies merge together is a funtion of their mass,
their distane apart, and their relative veloities. If two galaxies are moving too
fast, the inrease in internal energy annot make up for the high kineti energy, and
then they do not merge together.
There an also be dierent types of mergers. If two galaxies are the same or
very similar mass (with mass ratios of 1:1 down to 1:3), this type of merger is
lassed as a major merger. Often, these are dened as the merger of two spiral
galaxies. Toomre & Toomre (1972) and subsequent simulations show that the end
result of major merger of two spiral galaxies may resemble an elliptial galaxy sine
the regular orbits of stars in a spiral are thrown into the random orbits of a
spheroid. Lower mass ratio mergers (less than 1:3 to 1:10) are generally lassied as
minor mergers. These an be mergers between a massive elliptial galaxy and a
smaller spiral galaxy or between a small dwarf galaxy and a larger spiral galaxy. In
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this work, a minor merger is onsidered to be between a small dwarf galaxy and a
larger spiral galaxy.
The tidal tails of merging galaxies are aused by the tidal fores of the
interation that pull on opposite sides of the galaxies, launhing tails both toward
the other galaxy and on the opposite side. After the rst passage of two galaxies,
the tidal tails begin to extend and a bridge is formed between the two galaxies. As
the galaxies then spiral in towards eah other, the bridge disappears (onsumed in
the ollision) while the tails ontinue to move outward. The end fate of the tidal
tails is debated; ertainly some of the tail material will return to the main merger
remnant, but some of it may reah esape veloity from the merger and ontribute
to the material that exists between galaxies, the intergalati medium (IGM). These
tidal tails an be very gas rih and some have larger onglomerations of gas and
stars in them that have masses, similar to dwarf galaxies. These entities are referred
to as Tidal Dwarf Galaxies (TDGs), although there is debate about whether they
will survive the merger to beome a separate dwarf galaxy of their own or if they
will dissolve or be onsumed by the main merger remnant. Smaller in sale than
small dwarf galaxies, tidal tails an also have star lusters whih are ompat groups
of stars on the order of 104 − 106 M⊙.
1.1 Motivation
How does the tidal debris of minor galaxy mergers ontribute to strutures in spiral
galaxies or in the IGM? Major mergers (e.g., two spiral galaxies) are known to
reate strutures suh as TDGs and star lusters within their debris (e.g., Du et
al., 2000; Weilbaher et al., 2002; Knierman et al., 2003; Mullan et al., 2011). While
the spetaular displays of major mergers are well known (e.g., NGC 4038/9 The
Antennae; Whitmore et al., 1999) interations between equal mass galaxies are
relatively rare ompared to unequal mass mergers (M2/M1 < 0.3 Lotz et al., 2011).
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Figure 1.1: A montage of Toomre Sequene galaxies (Toomre, 1977) taken from the
Atlas of Peuliar Galaxies (Arp, 1966).
In Cold Dark Matter (CDM) models of struture formation, minor mergers are
predited to be of fundamental importane in shaping galaxy properties. Indeed,
galaxy-size CDM halos are predited to gain most of their mass in 10:1 merger
events (Zentner & Bullok, 2003) and these events are expeted to be muh more
ommon in the past than they are in the loal universe. Minor mergers are less
aeted by dynamial frition than major mergers, and we generally expet tidal
tails in these enounters (see e.g., the Sagittarius dwarf and tidal stream around the
Milky Way; Ibata et al., 1997).
The work is motivated not just by the general importane of understanding
how these frequent enounters shape galati struture, but also as a probe of star
formation in gas that may be on the edge of stability. Minor merger tidal streams
also are important for understanding stellar halo formation and potentially IGM
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enrihment. For example, tidally liberated stars that remain bound to the larger
galaxy after a minor merger event are believed to play a fundamental role in
building galaxy stellar halos (e.g., Searle & Zinn, 1978; Bullok & Johnston, 2005).
An important puzzle in this ase is that the hemial abundane pattern of Milky
Way stellar halo stars does not math that of (non-interating) Loal Group dwarfs
(e.g., Venn et al., 2005). Star formation that ours in the tidal arms may have
important impliations for understanding these enrihment patterns. It is important
then to haraterize the rate of star formation in tidal debris and to estimate
whether it ould ontribute signiantly to the diuse halo. It is also possible that
tidal material is thrown out into the IGM after minor enounters. If so, then this
will be an important fator in understanding the metalliity of the IGM. Finally, in
the ase of TDGs, frequent minor mergers over the last ∼ 10 Gyr ould have
ontributed signiantly to the dwarf galaxy population in the universe. Therefore,
studying the formation of struture in the tidal debris of minor mergers an help us
understand a ommon proess in galaxy formation.
1.2 Major Mergers
Signiant work has been done on major mergers. Beginning with suh work by
Holmberg (1941) and Toomre & Toomre (1972), mergers have been seen as an
important part of galaxy evolution. The Toomre Sequene (Toomre, 1977) was put
together as an ordering of ongoing mergers in a time sequene from two galaxies just
oming together to those whih have already merged into one galaxy. This sequene
is an optially seleted ensemble of strongly interating galaxies representing a
suggested evolutionary sequene of diskdisk mergers, based on their stellar tidal
tail lengths and the separation of the two nulei (Toomre, 1977).
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1.2.1 Observations
Tidal tails in major mergers have blue UBV R olors (e.g., B − V = 0.53± 0.13
from Shombert et al. (1990); see also Weilbaher et al., 2000), and regions of [OII℄
and Hα line emission have been found within the tails (Shweizer, 1978; Mirabel,
Dottori, & Lutz, 1992; Du & Mirabel, 1998, 1999; Iglesias-Páramo & Vílhez, 2001;
Weilbaher, Du, & Fritze-v.Alvensleben, 2003). The inferred ages of the young stars
and giant HII regions are muh less than the dynamial age of the tails, indiating
that star formation is ourring within the tails. Observations of 21 m neutral
hydrogen (HI) observations indiate that tails are gas rih (Yun, Ho, & Lo, 1994;
Hibbard et al., 2001), and the evolution of the HI therein may play a role in the star
formation history. Many tidal tails have assoiated HI whih is falling bak toward
the enter into the remnant. The infalling gas onto the entral regions may enable
star formation to ontinue for time sales on the order of 1 Gyr after tail formation
(Hernquist & Mihos, 1995). Finally, tidal dwarf galaxies are found in tidal tails in a
variety of environments, partiularly at the ends of the tails (Mirabel, Dottori, &
Lutz, 1992; Du & Mirabel, 1994; Hunsberger, Charlton, & Zaritsky, 1996).
1.2.1.1 Star Clusters
Even though Knierman et al. (2003) identify dozens of young ompat lusters
(0.2 < V − I < 0.9) in the tidal tails of NGC 3256 (after bakground orretions),
they nd that not all tidal debris forms an abundane of these objets; the other
three Toomre Sequene mergers in their study, NGC 4038/9 (The Antennae),
NGC 3921, and NGC 7252 have only a few ompat lusters within their tails.
Small populations of ompat star lusters in the tidal debris are found in the Cyle
11 Early Release Observations of NGC 4676 (The Mie) major merger (de Grijs
et al., 2003). With only a few examples of lusterrih debris, we do not yet know
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how ommon it is for tidal star formation to result in a population of ompat
lusters. A number of variables are likely to aet the nature of star formation in
merging systems: the environment of the merging system, the stage of the merger,
the mass ratio of the individual galaxies, and the gas properties, size and surfae
density of the tails.
The super star lusters tend to have blue olors (V − I ∼ 0.5; Knierman et
al., 2003) (B − V ∼ −0.2; de Grijs et al., 2003) with young ages indiating they
formed within their tidal tail. Three star lusters in the Western Tail of NGC 3256
were spetrosopially onrmed by Tranho et al. (2007) at Gemini South. From
their GMOS-S spetra, they determine ages to be ∼ 80 Myr for two star lusters
and ∼ 200 Myr for the third, assuming approximately solar metalliities. The three
star lusters in the Western tail of NGC 3256 have masses of 1− 2× 105 M⊙. Using
the HST/WFPC2 images of the Western tail of NGC 3256, Tranho et al. (2007)
show the three star lusters to have a large size (reff ∼ 10− 20 p) ompared to
Milky Way globular lusters or other young massive lusters (reff ∼ 3− 4 p). The
large size of the star lusters may mean that the giant moleular loud (GMC)
underwent weak ompression during the star luster formation. On the other hand,
the tidal tail star lusters may not have experiened the tidal stripping that other
young lusters in the enters of galaxies have.
Chien et al. (2007) observed twelve star lusters in the Mie with Kek/LRIS
to determine ages and metalliities. These star lusters were disovered with ACS
Early Release Observations by de Grijs et al. (2003). de Grijs et al. (2003) found
more than 40 star lusters in the tails of NGC 4676. Of the brighter lusters
observed, Chien et al. (2007) onrmed 6 star lusters in the Northern tail and 4
star lusters in the Southern tail. The Northern tail star lusters have ages from
2.7-7.1 Myr and one with an age of 163 Myr. Their metalliities are greater than
solar and form a tight range of 8.92 < 12 + log(O/H) < 8.97. In the Southern tail,
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ages range from 2.5-6 Myr with one at 172 Myr. One star luster has a low
metalliity of 0.04Z⊙ with the others having metalliities omparable to star
lusters in the Northern tail. The Northern tail has a at metalliity distribution,
whih provides evidene that gas mixing ourred there. The older star lusters in
the tails likely formed via shok indued star formation when the rst passage of the
two galaxies ourred ∼ 175 Myrs ago (Barnes, 2004).
1.2.1.2 Tidal Dwarf Galaxies
Mergers of large equal mass galaxies, suh as NGC 4038/39 (The Antennae) and
NGC 7252, an reate star lusters and lumps of star forming material, often alled
TDGs, in their tidal debris (Knierman et al., 2003; Du et al., 2000). TDGs are blue
ondensations at the tips of tidal tails and have HI masses ranging from 0.5−6×109
M⊙. They also have properties onsistent with dwarf irregulars or blue ompat
dwarf galaxies regarding surfae brightness, blue olors, and strong star formation
bursts, but have higher metalliities (Du et al., 2000). By their metalliity, the
TDGs are shown to have been pulled out from the outer regions of the spiral disk.
Evidene for internal dust extintion has been found in other TDGs (e.g.,
Temporin et al., 2003). With both optial and nearIR images and optial spetra
of the TDGs, they show that V −K olors support the evidene for the large
amount of dust as determined from the Balmer derement in the optial spetra.
Weilbaher et al. (2002) has optial (BV R) and nearIR (H , some JKs)
images as well as optial spetra of 14 mergers inluding the 13 TDGs. Their
sample was hosen from the Arp & Madore (1987) atalog and was based on the
haoti shape of the merger and the presene of any probable knots in the tidal
features (see also Du et al., 2000; Shombert et al., 1990). Using SED tting, they
disover that the TDGs in their sample of major mergers have both old and young
stellar populations.
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1.2.2 Simulations of Major Mergers
Even in early simulations, tidal tails were found to form during the proess of major
mergers. The earliest analog simulations of Holmberg (1941) found spiral arms
forming in the two disks whih are the preursors to tidal tails. In this paper, the
rst simulations of galaxy ollisions are desribed. This simulation used 74 light
bulbs to represent mass partiles in the two olliding galaxies and the inverse square
law of light as stand in for gravity. This analog simulation did disover that the two
galaxies are deformed tidally, mostly after the rst passage. As a result of this
deformation, the gravitational attration between the two galaxies inreases. The
kineti energy of the two galaxies moving past eah other is onverted into internal
energy in the galaxies and the derease in orbital kineti energy an be enough that
the two galaxies merge together. Figure 1.2 shows results of this simulation
inluding indiations that prograde enounters (both galaxies have the same sense of
rotation) will make longer tidal tails. The early N-body omputer simulations of
Toomre & Toomre (1972) nd bridges and tidal tails forming in their simulation of
several mergers inluding NGC 4038/9. Further simulations of major mergers by
Barnes (1988) onrmed this early result. Later models inluded presriptions for
star formation using an equation of state for the gas density (e.g., Barnes, 2004)
whih found that only about ∼ 10% of the star formation of the merger would be in
the tidal debris and may be aused by shoks.
Reent major merger simulations by Hopkins et al. (2013) inlude many
state of the art features unavailable in previous deades. Using over 200 million
partiles, these simulations an reah down to ∼ 1 p sales. Inluded in the
simulations are realisti feedbak mehanisms in the interstellar medium (ISM).
This feedbak inludes momentum from stellar radiation pressure, radiation
pressure from star forming regions, HII photoionization heating, and heating,
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Figure 1.2: Diagrams of the rst merger simulation (Holmberg, 1941) showing the
position of light bulbs before and after the ollision. Left: Retrograde enounter
where the two galaxies have opposite rotation. Right: Prograde enounter where the
two galaxies have the same sense of rotation.
momentum, and mass loss from SNe I and II and stellar winds of O and AGB stars.
Other improvements inlude realisti ooling of gas to < 100 K and treating the
transition between atomi and moleular gas and its eet on star formation. The
resulting simulations nd that the star formation in mergers is more bursty than in
previous simulations and that the star burst assoiated with the rst passage of the
two galaxies is sensitive to the orbital parameters and initial struture of the
galaxies. Due to the better treatment of star formation on small sales, the Hopkins
et al. (2013) models show that 20− 50% of star formation in the merger an be in
tails and bridges, whih is higher than previous models (∼ 10%; Barnes, 2004).
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1.2.2.1 Formation of TDGs
Numerial simulations of major mergers indiate that there may be two dierent
methods for building TDGs. Barnes & Hernquist (1996) predit that a stellar
omponent is pulled out from the outer regions of the parent galaxy followed by an
infall of gas into the potential well of the TDG. Elmegreen, Kaufman, & Thomasson
(1993) propose that gas ondenses rst in the debris and stars form in the gas. In
another study, Weilbaher et al. (2002) performed an observational study of 14
interating systems (mostly major mergers and groups) in whih they found 13
TDG andidates. Using evolutionary synthesis modeling of TDGs from their optial
and nearinfrared olors, they produe spetral energy distributions whih they
ompare to their models. They nd that the majority of TDGs in their sample have
an old population of stars along with the new population, indiating that the TDGs
formed from stellar lumps rather than gas loud instabilities (whih onsist of only
a young population). However, HI studies of a few individual pairs (e.g. NGC 7252;
Hibbard et al., 1994) detet a large HI loud in the tidal debris indiating that
TDGs formed from gas loud instabilities.
1.2.2.2 Star Clusters in Merger Simulations
While many simulations have touhed on the formation of massive strutures in
tidal tails suh as TDGs (Barnes, 1998), few have the resolution needed to study the
less massive super star lusters. In their simulations of major mergers, Du,
Bournaud, & Masset (2004) nd that the formation of massive TDGs (> 109 M⊙) is
dierent from the formation of super star lusters. TDGs are formed via a
kinematial proess where material aumulates in the tail via tidal fores (often at
the tip of the tail) and then later gravitationally ollapses. In ontrast, the less
massive super star lusters (SSCs) form via loal gravitational instabilities along the
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tails. Their simulations also show that it is not neessarily the ase that the two
types of struture do not both form in the same tidal tail. However, with the TDG
using about 75% of material in the tail there is not muh material left to form SSCs.
These ndings may be onneted to the observations of Knierman et al. (2003)
whih found that major merger tidal tails form either star lusters along the tidal
tail or a TDG whih hosts star lusters within it. Reent simulations by Hopkins
et al. (2013) are able to resolve down to star luster sales, but detailed analysis of
when and where they might form in the tidal debris is awaited.
1.3 Minor Mergers
Minor mergers have been dened in several ways in the literature. One way is to
dene those interations as minor where the mass ratio is < 0.1. Intermediate
interations are then dened as those where the mass ratio is between 0.1 and 0.25
(or 0.5). This use of mass ratios an then be used to refer to interations between a
massive elliptial and regular spiral galaxy as minor. Others dene minor mergers
as interations whih preserve the disk of the larger spiral galaxy, whereas major
mergers disrupt the disk orbits ending with an elliptial galaxy. In this study, minor
merger will refer to an interation between a spiral galaxy and a smaller galaxy
where the mass ratio is less than ∼ 0.3 whih preserves the disk struture.
1.3.1 Observations
While some work on tidal debris in minor mergers has been done on an individual
galaxy basis, no omprehensive study has been aomplished to date. An example
of a minor merger in this work, UGC 10214 (The Tadpole), has been studied in HI
by Briggs et al. (2001) who disovered the presene of a dwarf galaxy behind the
western side of the spiral disk. The mass ratio between the large spiral galaxy and
the dwarf galaxy that perturbed it is 0.15. There is HI loated in the long streamer
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and Briggs et al. (2001) speulate that this interation is dierent from simulated
major mergers (like NGC 7252; Hibbard et al., 1994) in the low mass of the
ompanion and its high veloity in the enounter. HST/ACS ERO of UGC 10214 in
F475W (g), F606W (broad V ), and F814W (I) show 2 large onentrations of
material mid-point along the tidal tail and very blue olors of the tidal debris.
Small populations of ompat star lusters in the tidal debris are found along the
tidal tail of the Tadpole (Tran et al., 2003; de Grijs et al., 2003).
Several groupings of star lusters were disovered in VLT observations of the
tidal tails of the minor merger NGC 6782 (Bastian et al., 2005b). These star
lusters have ages from 1-100 Myr with masses ranging from 104 < M/M⊙ < 107.
The ages of the young star lusters are onduive to having formed within the tidal
tails whih have an age of ∼ 130 Myr from N-body simulations by Horellou &
Koribalski (2007). These simulations math the morphology of the merger,
partiularly the tail length and thinness of the southern tail. Horellou & Koribalski
(2007) also ompare the loations and properties of star lusters in Bastian et al.
(2005b) with the HI distribution. They nd that the ends of the tidal tails whih
are low in HI host young, low mass, and low extintion star lusters.
Another sample galaxy is NGC 2782. With VLA HI data, Smith (1994)
onstrains dynamial models suh that a headon interation between a large disk
galaxy and a lower mass disk galaxy (M2/M1 ∼ 0.25) ourred, leaving a stellar
plume in the eastern tail with a putative TDG ontained there (Smith, 1994) and a
long HI-rih western tail. A ve minute exposure in R from WIYN (Jogee et al.,
1998) shows a faint western tail at high strethes.
In NGC 3310, another minor merger, Kregel & Sanisi (2001) disover a
large southern HI extension. This galaxy may have annibalized a dwarf galaxy,
perhaps as reently as 10 Myrs ago based on its bow and arrow struture as well
12
as the presene of very young super star lusters in the entral regions (Conselie
et al., 2000; Elmegreen et al., 2002). The Hubble Heritage image
1
of this galaxy
only ontains the entral region and not the brighter optial tidal debris loated a
few arminutes from the enter or the extended HI area. Wehner & Gallagher
(2004) study the tidal debris of NGC 3310 and nd a new loop of tidal debris
loated around the outskirts of this system.
Ferreiro, Pastoriza, & Rikes (2008) observe a sample of minor mergers using
Hα observations. They disover more massive strutures in the tidal tails suh as
HII regions and Tidal Dwarf Galaxies with very few star lusters deteted. The
masses of the HII regions in the tidal tails range from 106 M⊙ to 3× 107 M⊙ and
indiate that minor mergers an form objets of similar mass to TDGs.
1.3.2 Simulations
N-body simulations have given insight into minor mergers starting with Toomre &
Toomre (1972) who studied 1:4 mass ratio interations as well as 1:1 mass ratio
interations (see Figure 1.4). They found that diret enounters produe more
extended tidal features beause the orbits of the partiles in the disk are near
resonane and are mathing the orbital angular speeds. Also, the unequal mass
mergers produed longer lived bridges between the galaxies, but tails formed more
in equal mass mergers. True tails that esape to innity required the violent
interations of major mergers, however, the minor merger has 4 out of 120 partiles
that do esape the merger. Later work by Barnes (1998) shows that in omparison
of 1:1 and 1:3 mass ratio simulations, the equal mass mergers show more extended
tidal features and onrm that diret passages produe more impressive bridges and
tails. In addition to the reation of tidal debris, Mihos & Hernquist (1994) and
Walker et al. (1996) show the ability of minor mergers to fuel entral starbursts by
1
http://heritage.stsi.edu/2001/26/
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driving gas into the enters of the larger galaxy. Also, minor mergers an indue
spiral arms, bars, and warps and ause the disk not to be destroyed but to heat and
thiken, and the merged satellite to enhane the bulge (see Figure 1.5). Hene,
minor mergers an ause a spiral galaxy to evolve to an earlier Hubble type.
Bullok & Johnston (2005) model the formation of the halo of a Milky
Way-type objet using a hybrid semianalyti plus N-body approah. Their model
separates the light and dark matter evolution to determine resulting strutures of
both the stellar and dark matter halos. They reprodue properties of the urrent
Milky Way satellites and nd that the luminosity of those satellites that were
areted in the simulation mathes the urrent estimates of stellar halo luminosity
(109 L⊙). The stellar halo is more onentrated than the dark matter halo, forms
inside out, and has most of its mass oming from the ∼15 most massive areted
satellites, whih are dwarf-irregular galaxies with masses of ∼ 1010 M⊙and
luminosities of ∼ 107 − 109 L⊙. These satellites were areted and destroyed ∼ 9
Gyr ago or longer whereas the surviving dwarf galaxy population were aptured ∼ 5
Gyr ago. Therefore, the stars in the inner halo ome from massive satellites that
were areted > 9 Gyr ago. However, the urrent dwarf galaxy satellites are lower
mass and were aptured later. This predition mathes the observed dierenes in
hemial abundane between halo stars and those within the urrent dwarf satellite
population of the Milky Way (Venn et al., 2005).
Pisano & Wilots (2003) examine analyti estimates of orbital timesale,
dynamial frition timesale, and tidal mass for a sample of 13 ompanions to 10
isolated galaxies. Their analysis begins with orbital timesale given by
torbit =
2π∆R
∆V
(1.1)
where Mcomp is the mass of the ompanion galaxy, ∆R is the separation of
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the ompanion from the main galaxy, and ∆V is the veloity dierene between the
two. Simulations of minor mergers by (Walker, Mihos, & Hernquist, 1996) show
satellite orbits deaying within a few orbital times. The omparison ontinues with
the dynamial frition timesale
tdyn.fric. =
2.5× 1014∆R2∆V
McomplnΛ
yr (1.2)
where
Λ =
∆R∆V 2
McompG
(1.3)
This dynamial frition timesale haraterizes the amount of time required
for a ompanion within the primary's dark matter halo to spiral into the primary's
enter. This formula assumes an innite isothermal halo with no gaseous medium
and so may be high by fators of 2 or more. Both of these estimates assume a
irular orbit (whih Pisano & Wilots (2003) nd to be the most ommon type of
orbit in their sample). They nd that torbit ranges from 2 to 115 Gyr, with a median
of 6 Gyr. The value of tdyn.fric. is in general higher, ranging from 3 to 138 Gyr with
a median of 8 Gyr. Half of the sample should be areted within a Hubble time
with these simple assumptions. The ompanions showing evidene of interation
have the shortest timesales. Pisano & Wilots (2003) then evaluate the stability in
terms of the Dahari parameter:
QD =
Mcomp/Mgal
(∆R/Rgal)3
(1.4)
where QD > 1 is onsidered a strong reation and QD ∼ 0.1 is a weak
interation. All of the interating galaxies in the sample have QD ranging from a
few times 10−4 to 10−2.
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Seven of the ompanion galaxies have a Jaobi limit
rJ = ±(Mcomp3Mgal )
1/3∆R (1.5)
less than their observed radius in HI. The Jaobi limit is an approximation
to the tidal radius at the urrent distane of the galaxy. It appears that even for a
sample of eld galaxies in the loal universe outside of groups, roughly half will
arete their ompanions within a Hubble time, inreasing their gas mass by 5-50%
an undergoing a burst of star formation.
1.4 The Loal Group
The Loal Group of galaxies onsists of 3 larger spiral galaxies (our own Milky Way
galaxy, the Andromeda Galaxy (M31), and the Triangulum Galaxy (M33)) along
with many smaller dwarf galaxies. While the major merger in the Loal Group,
between the Milky Way and Andromeda, will not our for another 3 Gyr, minor
mergers are more ommon. Sine minor mergers an ontribute strutures suh as
star lusters and streamers to their parent galaxies, the properties of these objets
in the Loal Group are examined.
1.4.1 Super Star Clusters and Globular Clusters
Sine SSCs are found in mergers, some loal analogs of these star lusters are
reviewed here. A new lass of extended, luminous globular lusters was disovered
in the outskirts of M31 (Huxor et al., 2005). The large half light radius (∼ 30 p)
and bright luminosities (MV ∼ −7) are unusual for globular lusters. Color
magnitude diagrams show that these star lusters are old (> 10 Gyr) and metal
poor (Makey et al., 2006).
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There are a few nearby resolved lusters with stellar masses approahing
those found in this study, namely the Arhes, NGC 3603 Young Cluster (YC), 30
Dor, and Westerlund 1, at 7× 103M⊙, 7× 103M⊙, 2× 104M⊙, and 1× 105M⊙,
respetively. All of these lusters ontain large numbers of O stars, inluding
multiple O3 stars, and so have ages less than 2-3 Myr. The latter three lusters
extend to 3-4p, while the Arhes has an extent of ∼1 p, probably due to the
Galati Center tidal eld. Unlike the Arhes and NGC 3603 YC, 30 Dor has an
extended halo out to 130 p. 30 Dor has B − V = +0.13 and U − B = −0.75. NGC
3603 YC ontains 37 early O stars, while 30 Dor and Westerlund 1 ontain 52 and
53.
1.4.2 Streamers
Sine minor mergers an reate streamers in galaxy halos, the streamers in the
Milky Way halo are reviewed. In reent years, the halo of the Milky Way has been
found to inlude streams of stars that in ertain ases are traed to the stripping of
an infalling dwarf galaxy. The rst of these was the disovery of the the Sagittarius
dwarf (Ibata et al., 1997) and its tidal streams around the Milky Way (Majewski
et al., 2003, and referenes therein). While other stellar streams originating from
other soures have been deteted, the Sagittarius dwarf is the largest ontributor of
substruture to the halo of the Milky Way.
The interations of the Large Magellani Cloud (LMC) and Small Magellani
Cloud (SMC) with the Milky Way have produed two tidal features: the Magellani
Stream and the Magellani Bridge. The Magellani Stream is observed to be a pure
gas feature (Guhathakurta & Reitzel, 1998), while the Magellani Bridge is known
to have both young stars and HI gas (Putman et al., 2003). Reent work by Harris
(2007) has shown that the stellar population of the Magellani Bridge onsists only
of young stars with no old stellar population. This means that pure gas with no
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stars was pulled out in the interation that aused the bridge to form. By modelling
star formation histories in various elds aross the Bridge, he nds that star
formation started in the Bridge about 200-300 Myr ago and ontinued until 40 Myr
ago. Stars were also only found in the western part of the Bridge, as would be
expeted by the HI surfae density, whih falls below the ritial threshold
(Kenniutt, 1998a) at that point.
In their survey of the SMC and Bridge area, Bia & Shmitt (1995) nd 11
star lusters and 97 stellar assoiations in the Magellani Bridge along with 3
possible andidates for forming dwarf galaxies. These 3 tidal dwarf galaxy
andidates are lumps of extended objets, two in the Bridge, one in the wing of the
SMC.
Reent work using star ount maps of M31 have disovered several
substrutures in the halo of M31. The faintest features have µV ∼ 28− 31 mag
arse
−2
. While the metalliity and age varies among the dierent substrutures, all
metalliities ([Fe/H] > −0.7) are higher than present-day satellites in the Loal
Group ([Fe/H] < −1.5). This indiates that suh satellites are not likely to be the
progenitors of the substrutures. Low latitude substrutures due to their ages and
rotation signature are likely to be from perturbations of the thin disk, not from an
areted satellite. The giant stream has been thought to be linked to inner satellites
of M31 suh as M32 or NGC 205 due to position on the sky and similar
metalliities. However, urrent models using stellar veloities in the stream provide
orbits whih do not math this (Ferguson, 2007, and referenes therein).
No substrutures have been deteted around M33 to limits reahing similar
depth as M31 (∼3 magnitudes below the tip of the RGB) (Barker et al., 2011). If
substrutures exist around M33, they are at a signiantly lower surfae brightness
than those around M31.
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1.5 Star Formation and Environmental Eets
The proess of atomi gas turning into moleular gas and then forming stars is a
fundamental part of understanding star formation in galaxies. However, the fators
that inuene this proess are numerous, and the exat details are still unertain.
Star formation depends on the loal onditions in the gas (e.g., pressure) and the
moleular gas olumn density. Other fators that inuene star formation are less
understood, suh as feedbak, shear, and global eets from mergers. The general
desription of how star formation depends on gas density is the Kenniutt-Shmidt
law (Kenniutt, 1998b, and referenes therein):
ΣSFR(gas) = 2.5× 10−4( Σgas1M⊙pc−2 )
1.4[M⊙yr−1kpc−2] (1.6)
This uses the surfae density of the gas (Σgas, usually moleular and atomi
ombined) versus the star formation rate (SFR) surfae density, ΣSFR (gas). This
equation assumes a Salpeter initial mass funtion (IMF, Salpeter, 1955) and solar
metalliity. This indiates that for a higher gas surfae density, there will be a
higher SFR surfae density. It was initially alibrated for galaxies as a whole (global
sales), but also has been ompared to HII regions inside galaxies. Determining
whether the Kenniutt-Shmidt law holds on loal sales and for dierent galaxy
types has been the subjet of ample reent work (e.g., Daddi et al., 2010; Bigiel
et al., 2008; Boselli et al., 2002; Boquien et al., 2011).
In spiral galaxies, the ritial surfae density above whih a self-gravitating
innitely-thin rotating gas disk is loally unstable to axisymmetri perturbations is,
Σcrit =
ασκ
πG
(1.7)
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with σ as the veloity dispersion of the gas, κ as the epiyli frequeny and α a
onstant of order unity (Kenniutt, 1989). However, using this formulation of a star
formation threshold is not appliable for tidal debris sine they are not rotating like
the gas disk of a spiral galaxy.
Blitz & Rosolowsky (2006) nd a star formation presription whih is based
on pressure determining the amount of the ISM that is moleular. Their work uses
observational data of 14 galaxies with a range of masses and metalliities to show
that the ratio of atomi to moleular gas is linearly related to the hydrostati
pressure. Their revised presription redues to the Kenniutt (1998a) star formation
rate at high pressures, but provides a more aurate determination of star formation
for low pressure regions suh as outer regions of spirals. Their low pressure regime
equation, whih gives lower results than Kenniutt (1998a), is
ΣSFR = 0.1ǫΣg(
Pext
P0
)0.92M⊙pc−2Gyr−1 (1.8)
with Pext given by:
Pext
k
= 272cm−3K(
Σg
M⊙pc−2
)(
Σs
M⊙pc−2
)0.5 × ( vg
kms−1
)(
hs
pc
)−0.5 (1.9)
Wallin (1990) suggests a mehanism by whih star formation an be
triggered in tidal tails. Using a restrited three body simulation with test partiles,
this work shows that gas an be ompressed by fators of two to ve in a tail by a)
twisting of the tidal tail whih produes a traveling density wave and b) passage of
gas through orbital austis whih results in an extended ompression followed by a
short period of rarefation. This study should be taken with aution as an upper
estimate on the level of density enhanements in the tail that an seed star
formation. The simulation neglets hydrodynamis, self gravity, and ooling, all of
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whih an be expeted to drive ompression into the nonlinear regime during
self-ollision of gas within a austi or density wave.
To determine the star formation eieny (SFE), or how eient a system is
at turning its gas into stars, two main but related, methods are used: omparison to
the Kenniutt-Shmidt Law and the gas depletion timesale. An estimate of the
SFE of a system an be done by omparing the SFR per area measured via a traer
suh as Hα emission, far ultraviolet emission, or the far infrared luminosity to the
gas density per area. These quantities are the ones used in the Kenniutt-Shmidt
relation. If a partiular system (e.g., an HII region or an entire galaxy) falls above
the Kenniutt-Shmidt law for normal spiral galaxies, it is said to have high SFE
whereas if it falls below the line, it has a low SFE. The gas depletion timesale is
τdep =Mgas/SFR and an be alulated for moleular, atomi, or the total gas mass.
One way to think about gas depletion timesales is that τdep of 0.1, 1, and 10 Gyr
orrespond to the SFR needed to onsume 1%, 10%, and 100% of the gas reservoir
in 100 Myr. If τdep > 10 Gyr, then the system has a low SFE (Bigiel et al., 2008). A
typial normal spiral galaxy has τdep ∼ 2 Gyr (Kenniutt, 1998b) indiating that
τdep in the range around 1 Gyr orresponds to a normal SFE. For τdep < 0.7 Gyr,
this orresponds to high SFE (Boquien et al., 2011).
1.5.1 Star Clusters
Star lusters are the plae where most stars are formed (Lada & Lada, 2003). By
studying the formation and evolution of star lusters, we an determine how the
majority of stars in the universe are born and evolve. Young ompat star lusters
were disovered to be forming in several environments, inluding starburst galaxies
(Meurer et al., 1995), barred galaxies (Barth et al., 1995), some spiral disks (Larsen
& Rihtler, 1999), the inner regions of mergers (Holtzman et al., 1992; Whitmore
et al., 1993; Shweizer et al., 1996; Miller et al., 1997; Whitmore et al., 1999; Zepf
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et al., 1999) and in the spae between galaxies in ompat groups (Gallagher et al.,
2001). Finding ommon harateristis between these environments may allow us to
identify the mehanism that auses gas louds to ollapse and eient star
formation to begin (e.g., Jog & Solomon, 1992).
1.5.1.1 Formation
One of the prinipal mysteries of the tidal debris mode of star formation is the
rarity of observed moleular gas. In order to solve it, the star formation eieny
and timesales in moleular louds need to be understood. If the lifetime of a loud
and its aompanying star formation is short, then the problem is largely resolved.
It is also useful to know the star formation eieny so that there is a gauge of how
muh gas an be expeted in the tails.
The estimation of star formation timesales in the Galaxy has given a large
variety of answers depending upon the spatial sales examined. This turns out to be
beause the the evolution of moleular louds and ores are set by the loal
dynamial timesale. For moleular density n, tdyn ≡ (Gρ)−1/2 = 61n−1/2 Myr. Eah
stage of evolution ours over a few rossing times. In the high density ores where
stars are atively forming, the dynamial timesale is of order 1.5 Myr. In the loud
envelope dynamial times may be of order 50 Myr . This has two onsequenes.
When moleular gas is in its diuse state, whih exists at low densities in the low
pressure environment of tidal tails, its dynamial time and aompanying
evolutionary timesale are long. One ollapse begins, the evolution of the entire
loud is ontrolled by the dynamial timesale in the densest regions. Dense luster
ores quikly arrive at star forming onditions, and star formation ours in ∼ 3
Myr. At this point the further evolution of the loud is ontrolled by the
evolutionary timesale of the massive stars whih ionize 10-20% or more of the loud
and disperse the rest through winds and supernovae. The dispersed moleular gas
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may undergo triggered star formation at another loation, but the life of the
moleular loud as a reognizable entity is over. The whole evolution is biased
against preserving observable moleular gas. Before star formation starts the gas
spends most of its time in a diuse stage that is less amenable to the formation of
CO. One ollapse begins the shortest timesales in the loud take over driving the
evolution, dispersing the loud in a few Myr when the star forming strutures in
question are lusters (Elmegreen, 2007).
The seond question is the eieny of star formation in these louds. The
typial star formation eieny for an OB assoiation is a few perent. For denser
lusters this will rise over 10%. Krumholz & Tan (2007) disuss the star formation
eieny per free fall time, ǫff . The free fall time is tff = (3π/32Gρ)1/2, whih is
(3π/32)1/2 = 0.54 times the rossing time. An ǫff of 1% gives an eieny of 1.8%
for a period of 1.5tff , typial of OB assoiations. In denser regions star formation
may persist for a few free fall times before stellar kineti energy an disperse the
loud, yielding eienies of loser to 10%, more typial for a dense star luster. It
is also reasonable to expet ǫff to rise slightly with density. Krumholz & MKee
(2005) suggest that ǫff sales with the ube root of the Mah number, whih in turn
sales with ρ−1/2. This gives ǫff ∝ ρ1/6 (Elmegreen, 2007). The amount of gas
involved in star formation an then be fatored in. If the ratio of density in the
loud ore to the loud average is 100, then the ratio of dynamial times is 10.
Therefore 90% of the gas is in in its long evolutionary timesale phase. If star
formation in a dense ore is 10% eient, the loud as a whole has a star formation
rate of ∼ 1%. In a mostly diuse loud in the low pressure environment of a tail,
the density ontrast may be higher, resulting in a lower overall star formation
eieny per burst. Triggered star formation is likely, yielding a few generations of
stars, whih agrees with the presene of an age spread in tails with a signiant
number of lusters. In addition, several dense ores may form in any one loud.
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Considering these two fators, the total eieny over the age of the tail may rise to
a few perent.
Using HST/ACS images of NGC 1313 to resolve individual stars, Pellerin
et al. (2007) determine that there is a large number of early B-type stars found
outside of star lusters and distributed throughout the disk of the galaxy. This
means that the star lusters these stars formed within were disrupted within the
early B-star lifetimes of 25 Myr, whih indiates an infant mortality senario. In
this senario, the star luster does not survive beyond when the death of the most
massive stars expel gas and dust from the star luster, removing enough mass for it
to beome unbound.
1.5.2 Outer Regions of Spirals
The outer regions of spiral galaxies have similar properties to tidal tails. Both of
these regions have low gas surfae density, low star formation surfae density, and
tend to lak abundant moleular gas. The spiral galaxy NGC 6946 shows a drop in
ΣHα of a fator of 100 at 0.8R25 where R25 is the isophotal radius at the limiting
surfae brightness of 25 mag arse
−2
. This is likely due to the lower overing fator
of HII regions at these large radii, not to any hange in the intensity of star
formation loally (Ferguson, 2007). To see if gravitational instability plays a
signiant role in determining star formation rates at large radii, Ferguson (2007)
plot the
Σgas
Σcrit
versus radius where Σcrit is as in Kenniutt (1989). They disover that
the ratio lies within a fator of two of the instability limit
Σgas
Σcrit
∼ 1 at all radii. In
addition, the radius where the large deline in ΣHα happens is not the same as
where the instability limit ours. This indiates that gravitational instability is not
ruled out as a ause of star formation at large radii, but it does not exatly math
the piture. Sine gas disks are at large radii, there is a large deline in the gas
volume density toward galaxy outskirts. This lower density ould aet star
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formation by lessening the ollisions that allow moleular loud growth or lowering
the hane of sustaining a old neutral medium (Ferguson, 2007). Using high
resolution and high sensitivity CO maps of M33, Rosolowsky et al. (2007) nd that
the amount of moleular gas loated within GMCs (M > 1.3× 105 M⊙) delines
rapidly at a radius of 4 kp. Outside that radius, GMCs are nearly absent.
1.6 Contributions of Minor Merger Tidal Debris
The entities formed in minor merger tidal debris ould ontribute to strutures in
various environments and to metals in the IGM.
1.6.1 Strutures
Various strutures an form in minor merger tidal debris inluding stars, star
lusters, and tidal dwarf galaxies. These strutures an fall bak onto the parent
galaxy or esape into the IGM.
Stars formed in the tidal debris of mergers and interations an esape from
the parent galaxy to add to the population of stars between galaxies. Using
planetary nebulae surveys, Feldmeier et al. (2004) found that 10-20% of stars in the
Virgo and Fornax lusters are loated in the intraluster medium. These stars may
have formed within galaxies and been stripped by infall into the luster or
interations with other galaxies. These stars ould have also formed in the tidal
debris of mergers and interations.
The small galaxies (or a subset of them) orbiting our Milky Way galaxy
ould have been formed in tidal debris. Kroupa, Theis, & Boily (2005) show that
the distribution of Milky Way satellites is ould not have ome from a distribution
of dark matter dominated satellites. They postulate that the dwarf galaxies
originated as TDGs during a minor merger with a gas-rih satellite. The LMC ould
be a remnant of this satellite, while the smaller dwarf galaxies ould have formed in
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the tidal tails of this interation. Previous work by Kroupa (1997) showed that
TDGs may evolve to be dwarf spheroidal galaxies, but without dark matter halos.
The TDGs that form in tidal tails may be gravitationally stable and have an
orbit suh that they last beyond the tidal tail lifetime and beome a new galaxy.
These an then add to the new galaxy population. The distribution of TDGs
around a larger galaxy ould be ompared with those from predited hierarhial
galaxy formation senarios. Additionally, TDGs ould tell us about the distribution
of dark matter in a galaxy. It is thought that there may be little dark matter in the
disk of a galaxy. Sine TDGs are formed from material originating from a galati
disk, they would likely have little dark matter. Observations of dark matter in
TDGs ould determine if this model is inorret, and thus help with studies of
osmology (Du, Bournaud, & Boquien, 2006).
1.6.2 Enrihment of the IGM
If tidal debris esapes the parent galaxy, any metals formed by new star formation
therein an help enrih the IGM. What is the ontribution of star lusters formed in
tidal debris to the metal density of the IGM? In order to answer this it is neessary
to identify the pools of gas that are likely to be enrihed by these objets. The
sample in this work ranges from isolated mergers to a merger in an Abell luster, so
all omponents from hot luster gas to Lyα absorbers must be onsidered. Figure 1
of Davé & Oppenheimer (2007) summarizes the result of simulations that are in
reasonable agreement with observed gas phase metalliities. Halo gas is enrihed
early, with log〈z/z⊙〉 of -1.6 at redshift z = 6, instead of rising to -1 by z = 0. Hot
shoked IGM rises from -1.8 to -1.5. The hange in the diuse IGM is more striking,
inreasing from -3 to -1.5. (This inludes the damped Lyα systems.) Sub-damped
Lyα systems show a stronger evolution rising as high as -0.5 by z = 0 Peroux
(2007). Metals in low olumn density systems our at lower levels. For NHI > 1014
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m
−2
metalliities fall in the range of -3 to -4. Below this olumn density the
metalliity appears to fall o rapidly (Cen et al., 2005).
1.7 This Work
This dissertation uses multiwavelength observations of the tidal debris in minor
mergers to determine the star formation rate and star formation eieny in these
environments that may be on the edge of stability.
1.7.1 Sample Seletion
A sample of 15 minor mergers were hosen from UGC peuliar galaxies and minor
mergers found in the literature. Care was taken to selet a sample of well studied
galaxies that have known mass ratios (less than ∼ 0.3 by the HI mass ratio or via
simulations based on HI kinematis) or indiations of minor mergers (e.g., disk of
spiral galaxy is intat, but tidal debris is apparent in the optial). To have similar
mergers aross the sample, the large galaxy was hosen to be a spiral galaxy, not a
dwarf or Magellani spiral. The mergers were further ut in luminosity so that the
sample has a range of −21.8 < MB < −19.5. The presene of tidal debris indiates
that we observed a ertain time in the progression of the merger as well, neither too
early for tidal debris to be stripped nor too late for the tidal debris to have been
areted onto the massive galaxy or to esape from the system. These minor
mergers are separated into three lasses based on morphology: early, late, and
merged. These stages are also onsistent with the dynamial ages of tidal tails.
Early mergers are dened as well-separated galaxies displaying tidal interation
(e.g., disturbed morphology, tidal tails and bridges). Late mergers have already
ompleted at least one pass by eah other. In this ase, the dwarf is still
distinguishable from the disk of the large galaxy, though the dwarf may be touhing
or onneted to it. Merged galaxies have only one visible galaxy with no optially
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detetable dwarf, but they have signiant remaining tidal debris. The sample was
further ut in distane so that any star luster andidates examined would be
omplete down to at least MV < −11 in order to avoid omparing legitimate star
luster andidates with a population solely omprised of giant HII regions. The
tidal debris of sample galaxies was observed in the optial with the 1.8 meter
Vatian Advaned Tehnology Telesope (VATT) on Mt. Graham, Arizona using
both broadband lters (UBV R) and narrowband Hα. The optial broadband
images enable determination of the age, mass, and extintion of populations of star
luster andidates and TDGs in the tidal debris. The Hα images an determine the
urrent rate of star formation over the past 10-20 Myr in the tidal debris.
Observations in near infrared broadband lters (H and some JKs for selet tails)
were done at the Bok 90-inh on Kitt Peak using the PISCES amera. The
near-infrared observations an help determine if there is a population of old stars in
the tidal debris, whih has impliations for the formation mehanism of TDGs.
In order to examine gas properties on loal sales of about a few kp in
minor merger tidal debris as related to the star formation therein, a spei suite of
multiwavelength observations needed to be available, inluding atomi and
moleular gas. The galaxy NGC 2782 in the above sample had high resolution 21
m HI observations with the VLA as well as pointed observations of CO(1-0) of
various regions in the tidal debris. This enabled determination of atomi and
moleular gas masses as well as total gas mass for regions within the tidal debris of
NGC 2782. These gas masses ould be ompared to the SFR from Hα observations
to determine the star formation eieny in tidal debris. NGC 2782 is a late stage
merger with two tidal tails whih have dierent gas properties. By omparing how
star formation diers between two tails in the same merger, we an gain insight into
how gas properties aet star formation. Chapter 2 disusses the SFE of an HII
region hosting a young star luster in the Western tail of NGC 2782. Chapter 3
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ompares the SFR and SFE between the tidal tails of NGC 2782. The tehniques
developed by studying NGC 2782 were then applied to UGC 10214 (The Tadpole)
whih is also a late stage merger and has atomi and moleular gas observations.
The Tadpole also has mid-infrared data from Spitzer to help with star formation
and dust determinations.
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Figure 1.3: Major merger simulation of two equal mass gas rih galaxies from Hopkins
et al. (2013). Two perpendiular viewing angles are shown with optial (left) and gas
(right) in eah pair. The time in Gyr sine the beginning of the simulation is labeled
in eah step.
30
Figure 1.4: Simulation from Toomre & Toomre (1972) of a minor merger with a 1:4
mass ratio showing development of a bridge and tails in a minor merger.
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Figure 1.5: Fae on and edge on views of a simulation of a minor merger with a
mass ratio of 1:10 from Walker, Mihos, & Hernquist (1996). Time steps are shown
in intervals of 125 Myr. The spiral is onsiderably disturbed by merger of the dwarf,
thikening and warping the disk.
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Chapter 2
STAR FORMATION EFFICIENCY IN THE WESTERN TAIL OF NGC 2782
2.1 Introdution
Major mergers of spiral galaxies are known to reate strutures suh as TDGs and
star lusters within their debris (e.g., Du et al., 2000; Weilbaher et al., 2002;
Knierman et al., 2003; Mullan et al., 2011). While examples of major mergers are
well known (e.g., NGC 4038/9 The Antennae; Whitmore et al., 1999), interations
between equal mass galaxies are relatively rare ompared to minor mergers (mass
ratios of < 0.3). As part of a larger study, I aim to understand how these frequent
enounters shape galati struture and probe star formation in gas that may be
marginally stable. Previous work studied how neutral hydrogen may aet star
luster formation in tidal debris (Maybhate et al., 2007; Mullan et al., 2011), but
studies of moleular gas in tidal debris have foused on larger episodes of star
formation suh as those resulting in the formation of TDGs (Braine et al., 2001).
This work examines star formation on smaller sales in the tidal debris of the minor
merger NGC 2782.
NGC 2782, a peuliar spiral at a distane of (39.5± 2.8) Mp2, is undergoing
a nulear starburst (Devereux, 1989). Smith (1994) used a restrited 3-body
dynamial model to show that NGC 2782 is the result of a merger of two disk
galaxies with a mass ratio of ∼ 0.25 ourring ∼ 200 Myr ago. It has two tidal tails:
an Eastern tail whih has a onentration of HI and CO at its base and a gas-poor
optially bright knot 2.7′ from the enter; and an HI-rih, optially faint Western
tail (Smith, 1994). Mullan et al. (2011) in their V and I band HST/WFPC2 survey
of tidal tails nd 87 star luster andidates in the Eastern tail of NGC 2782 and 10
andidates in the Western tail.
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Non-detetion of CO at the loation of HI knots in the Western tail led
Braine et al. (2001) to argue that the HI has presumably not had time to ondense
into H2 and for star formation to begin. However, if this tail was pulled from the
lower metalliity outer regions of the spiral galaxy like TDGs (Du et al., 2000) or
the merged dwarf galaxy, the lower metalliity may aet the onversion fator
between CO and H2 and result in an underestimated moleular mass. It is possible
for H2 to be present despite CO being undeteted. While the blue olors in the
Western tail suggest that it formed from the disruption of the dwarf ompanion, the
mHI/LB ratios suggest that some gas must have originated in NGC 2782's gaseous
disk and is therefore mixed omposition (Wehner, 2005).
I obtained new Hα observations to determine the star formation eieny in
the Western tail of NGC 2782. Setion 2 presents observations, alibration, and
results. In Setion 3, I disuss global and loal star formation in the tail and relate
it to star formation in general.
2.2 Observations
Images in UBVR and Hα were taken with the Loral 2K CCD imager at the Lennon
1.8m Vatian Advaned Tehnology Telesope (VATT) (6.4
′
eld of view, 0.375
′′
per
pixel). Hα images (6×1200 s) used an 88mm Andover 3-avity interferene lter
(λc=6630Å; FWHM=70Å). I observed the tail in Kron-Cousins R (3×300 s) to allow
ontinuum subtration, following Lee (2006). Images were redued using standard
IRAF
3
tasks. The inset in Figure 2.1 shows the ontinuum-subtrated Hα image
that ontained the only Hα emission-line soure deteted at more than 10σ in the
Western tail.
2
From NED, orreted for Virgo, Great Attrator, and Shapley, whih I will use for the duration
of this paper. Smith (1994); Braine et al. (2001) use distanes of 34 Mp and 33 Mp, respetively.
3
IRAF is distributed by the National Optial Astronomy Observatory, whih is operated by
AURA, In., under ontrat to the NSF.
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Figure 2.1: V image of Western tail of NGC 2782. The green ontour indiates the
area dened as the Western Tidal Tail. Red irle marks the loation of the Hα
soure. The rosses mark the loations of massive HI louds(Smith, 1994). Magenta
rosses mark the loations of CO observations from Braine et al. (2001) for the north
loation and Smith et al. (1999) for the south loation. The inset image is the
ontinuum subtrated Hα image of area indiated in the white box.
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2.2.1 Hα alibration
I alibrated our Hα images using observations of 35 spetrophotometri standard
stars from (Oke, 1990). Zero points were obtained by omparing the integral over
the lter response funtion of their spetral energy distribution and the instrumental
magnitude from aperture photometry. Extintion orretions assumed a standard
atmospheri extintion oeient of 0.08 mag airmass
−1
(Lee, 2006). The dispersion
of the zero points from individual standard stars was typially 0.02mag.
Following Lee (2006), I removed the ontribution to the Hα ux of the [NII℄
doublet (λ6548,6583) and emission line ux from the R lter. I used an empirial
relation between metalliity and the [NII℄/Hα ratio from Figure 9 of van Zee et al.
(1998). For a metalliity of 0.4Z⊙, 12 + log(O/H) = 8.06 gives
log([NII℄/Hα) = −1.3, from whih follows the Hα ux.
2.2.2 Results
The Hα observations yielded a detetion of one soure in the Western tail entered
on α = 9:13:51.2, δ =+40:08:07 (see Figure 2.1) with LHα = (1.9± 0.3)× 1039 erg
s
−1
. For omparison, this HII region is fainter than the massive star luster 30 Dor
(LHα = 6× 1039 erg s−1), but > 1000 times brighter than Orion with its handful of
O-stars (LHα = 1036 erg s−1). It is onsistent with the formation of a large star
luster. This HII region has also been deteted by Bournaud et al. (2004) and,
reently, by Werk et al. (2011). The HII region is loated ∼ 20′′ away, but well
within the 55
′′
half power beam size, from the loation where Smith et al. (1999)
searhed for CO(1-0).
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2.3 Disussion
I ompare SFR per unit area (ΣSFR) from Hα to that expeted obtained from the
observed gas density using the Kenniutt law, and the SFE in the tail to that seen
in other tidal debris, normal galaxies, and starbursts. ΣSFR from Hα for the whole
tail is muh less than expeted given the observed gas density. With only one Hα
region in the tail, the derived ΣSFR is a lower limit, as most of the stars forming are
late B and A stars based on ultraviolet emission. This indiates that there is a lower
star formation eieny in the tail resulting in the formation of fewer high mass
stars. Star formation on the few-kp sale represents a ΣSFR that is less than
expeted from the Kenniutt law, using the total gas surfae density and the
observed Hα. Sine the original Kenniutt law was formulated using observations of
spiral disks, this indiates that the star formation in the tail is less eient than in
spiral disks. Using the moleular gas depletion time, the SFE of the HII region is
similar to the tidal debris regions of Arp 158 and normal galaxies but lower than
observed in starburst galaxies. Using only the HI gas as a traer of the available
material, the SFE is higher than seen in the outer disks of spiral galaxies. Given a
low SFE from the total gas and a normal SFE from the moleular gas, the observed
HII region may be a very small, loally dense region. The lak of observed CO
emission ould be due to destrution of moleular gas by FUV, eets of beam
dilution, the inuene of low metalliity on the CO-H2 onversion fator, or a low
pressure gas environment.
The star formation rate from Hα is (Equation 2 in Kenniutt, 1998b): SFR
(M⊙yr
−1) = 7.9× 10−42L(Hα) (ergs s−1). The expeted SFR from the gas surfae
density is (Equation 7 in Kenniutt, 1998b):
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Table 2.1: Comparison of Star Formation Rates in Western Tail of NGC 2782
Loation Area Hα SFR ΣSFR(Hα) MHI
a
Mmol
b Σgas
c ΣSFR(gas)
d
kp
2
M⊙ yr
−1
M⊙ yr
−1
kp
−2 108 M⊙ 10
8
M⊙ M⊙ p
−2
M⊙ yr
−1
kp
−2
HI-N 8.6 < 0.0003 < 0.00003 0.73 < 0.086e < 12.9 < 0.006
HI-mid 14.7 0.015(.002) 0.001(0.0002) 1.15 < 0.16f < 12.2 < 0.005
HI-S 19.3 < 0.0003 < 0.00002 1.16 < 0.16f < 9.4 < 0.004
W Tail 2300 0.015 0.000009 20 < 0.4e,f < 11.7 < 0.005
a
Smith (1994), orreted for distane
b
Mmol inferred from CO observations
c
Inludes Helium (Mgas = 1.36(M
HI
+MH2)
d
Kenniutt (1998b) Σgas inludes only HI and H2
e
Braine et al. (2001), orreted for distane
f
Smith et al. (1999), orreted for distane
ΣSFR(gas) = 2.5× 10−4( Σgas1M⊙pc−2 )
1.4M⊙yr
−1kpc−2 (2.1)
.
Table 2.1 ompares the global and loal SFR in the Western tail: tail
loation, area of HI lump or entire tail, Hα SFR with error, SFR per unit area
from Hα (ΣSFR(Hα)) with error, mass of HI, mass of moleular gas, total gas
surfae density, and SFR per unit area from gas density (ΣSFR (gas)).
2.3.1 Star Formation on Global Sales
Using the entire area of Western tail of NGC 2782, the global ΣSFR(Hα) = 9× 10−6
M⊙yr
−1
kp
−2
is three orders of magnitude below the expeted ΣSFR(gas) < 5× 10−3
M⊙yr
−1
kp
−2
. The ΣSFR(Hα) is also three orders of magnitude lower than those
typial for spiral and dwarf galaxies, but there is a signiant dilution fator due to
the large area of the tidal tail and low density of stars and gas therein.
The Magellani Stream is a loal example of a gas tail of presumed tidal
origin with no star formation. Putman et al. (2003) measured the total HI gas mass
in the Stream to be 2.1× 108 M⊙. By onverting the angular size of the Stream
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(100◦ × 10◦) to projeted physial size using a distane of 55 kp (Putman et al.,
2003), I infer an area of 940.9 kp
2
. Using the resulting gas surfae density of
Σ
HI
= 2.2× 105 M⊙kp−2, the Magellani Stream has an expeted ΣSFR = 3× 10−5
M⊙yr
−1
kp
−2
, two orders of magnitude lower than the Western tail of NGC 2782.
The dierene between the ΣSFR values indiates a lower SFE. However, the
SFR is a lower limit sine there is one HII region and Hα represents star formation
in the last 5 Myr. Also the SFR in the tail ould be higher than inferred from Hα if
it is predominately of a Taurus-Auriga type (Kenyon et al., 2008), produing few
star lusters with high mass stars. If so, the olor would be blue, but no Hα would
be observed. To examine this further, FUV and NUV images of NGC 2782 from the
GALEX All-sky Imaging Survey (AIS; Morrissey et al., 2007) were inspeted. As
seen in Figure 2.2, faint UV emission is deteted along the Western tidal tail,
indiating the presene of young stellar populations, likely dominated by B and A
stars. Sine there is no Hα emission (exept for the single knot) the star lusters
forming along the tail were likely of low mass and had a negligible probability of
forming early B and O stars.
2.3.2 Star Formation on Loal Sales
I also examine star formation within Western tail HI regions. Smith (1994)
measured 10 massive HI lumps with masses from 3× 107 M⊙ to 1.8× 108 M⊙. Only
three of these HI lumps have star luster andidates (Mullan et al., 2011). Sine
only one HII region was found in the Western tail, I use the Hα detetion limit as a
limit for the high-mass star formation rate for the other two regions. The rosses in
Figure 2.1 show the loation of these HI lumps with their SFR in Table 2.1.
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Figure 2.2: Galex omposite image of NGC 2782. The box indiates the region
overed by the optial image of Figure 2.1
The star formation on few-kp sales assoiated with the HII region is lower
than expeted from the Kenniutt law. ΣSFR alulated from the Hα luminosity is
0.001± 0.0002 M⊙ yr−1 kp−2. Due to the non-detetion of CO in the Western tail
and using a standard CO to H2 onversion fator, I are only able to establish upper
limits to the SFR from the gas density of ΣSFR(gas) < 0.005 M⊙yr−1 kp−2. While
follow-up spetrosopy is neessary to determine the omposition of the gas in the
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Western tail of NGC 2782, TDGs in major mergers are shown to have ∼ 0.3Z⊙
(Du et al., 2000). The standard CO to H2 onversion fator (αCO1−0 = 4.3 M⊙(K
km s
−1
p
2)−1 ) is based on observations of the Milky Way. Using galaxies with
z ≤ 1, Genzel et al. (2011) nd a linear relation given by logαCO1−0 = 12.1− 1.3µ0
where µ0 = 12 + log(O/H). For a metalliity of 0.3Z⊙ (or µ0 = 8.19), the
appropriate onversion fator is αCO1−0 = 27.5 M⊙(K km s−1 p2)−1 giving a fator
of 6 higher moleular mass limit (Mmol ≤ 6× 107 M⊙) than that from the standard
onversion fator (Mmol ≤ 9× 106 M⊙). This would then give a larger expeted
ΣSFR(gas) < 0.01 M⊙yr−1 kp−2 and would give an even larger dierene from the
measured Hα SFR. Boquien et al. (2011) use multiwavelength data of Arp 158 to
study the loal Kenniut-Shmidtt law in a merger. They nd that star forming
regions in the tidal debris follow a dierent Kenniutt-Shmidt law than those in
the entral regions of the merger, falling along a line of similar slope to Daddi et al.
(2010), but oset so that the same gas density gives lower values of star formation
rate. Plotting our HII region in the Western tail of NGC 2782 on Figure 6 of
Boquien et al. (2011), I nd it to be onsistent with quiesent star formation as seen
in the tidal debris of Arp 158. This may indiate that star formation in tidal debris
is less eient than that in the entral regions of mergers and in normal galaxies.
However, this HII region has a normal SFE using the moleular gas limit.
The depletion timesale of the moleular gas is alulated by τdep,H2 =Mmol/SFR.
For the HII region in the western tail of NGC 2782, τdep < 1 Gyr whih is
omparable to the moleular gas depletion timesales determined for the star
forming regions in Arp 158 (τdep ∼ 0.5− 2 Gyr; Boquien et al., 2011) and in tidal
dwarf galaxies (τdep ∼ 0.8− 4 Gyr; Braine et al., 2001). These ranges are also
similar to the average gas depletion timesales in spiral galaxies. The inverse of τdep
is related to the SFE. For the HII region in the western tail of NGC 2782,
SFE= (τdep)−1 > 9.3× 10−10 yr−1. In ontrast to the low SFE implied from the total
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gas density, this HII region appears to have a similar SFE to the tidal tail regions in
Arp 158 and in normal spiral galaxies based on the moleular gas upper limit but
lower than dense starburst nulei (e.g., NE region in Arp 158; Boquien et al., 2011).
Bigiel et al. (2010) nd very low SFE (< 9× 10−11 yr−1) in the outer disks of spiral
galaxies using FUV and HI observations. The HII region in the western tail of NGC
2782 has a higher SFE than these outer disk regions ((τ
dep,HI
)−1 = 1.3× 10−10 yr−1)
using only the HI gas mass.
Sine there is a low SFE using the total gas density and a normal SFE using
the moleular gas limit, this HII region may be very small and dense or something
else entirely. Due to the lak of wide-spread massive star formation, using Hα as the
star formation indiator likely underestimates the true nature of star formation in
the Western tidal tail. This means that our SFE estimates are lower limits,
partiularly when ombined with the upper limit on the moleular gas mass. The
disrepanies between the SFE may indiate that there is a denser region of star
forming gas that is too small to have been observed. Unlike the very dense regions
in the entral regions of mergers suh as those in the models of Teyssier et al.
(2010), there may still be elevated levels of star formation aross mergers even out
in the tidal debris regions. Star formation in mergers likely depends on loal
onditions at a sale of 1 kp, whih is the size of the gravitational instabilities in
the ISM of mergers and the injetion sale of turbulene (Elmegreen, 1993;
Elmegreen & Salo, 2004).
2.3.3 Impat on Star Formation
Tidal tails provide laboratories for star formation under onditions very dierent
from quiesent galaxy disks. With low gas pressures and densities and small
amounts of stable moleular gas they are perhaps at the edge of the parameter
spae open to star formation. The Western tail of NGC 2782 is HI gas rih, but CO
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is not observed in the massive HI knots in the tail. This study nds an HII region
in the tidal tail indiating reent star formation. Clearly, the lak of observable CO
does not guarantee the absene of reent star formation. The presene of a young
star luster in a tail without detetable moleular gas requires one of two situations;
either there is no CO, or it esapes detetion at the sensitivity of urrent
instrumentation.
If the moleular gas is absent, it may be beause it is short-lived. This is
most likely the result of a strong ambient FUV radiation eld produed by the high
loal star formation rate. However, the Western tail does not have a high star
formation rate, so this is unlikely to ause the lak of observed moleular gas.
The moleular loud may be too small to be observed. In general H2 is not
diretly detetable, so I must rely on surrogate traers suh as CO (Solomon &
Vanden Bout, 2005, and referenes therein). At the distane of NGC 2782 an
arseond orresponds to a physial sale of 190 p. This is not an unusual size for
moleular louds in the Galaxy; ompat louds may be smaller still. The IRAM
observations of Braine et al. (2001) had a 21
′′
half power beam size for their
CO(1-0) observations while the Kitt Peak 12m observations of Smith et al. (1999)
had a 55
′′
half power beam size. If there are only one or a few louds at the loation
of their observations, then beam dilution is a major detriment to the detetion of
CO at the HII region and in the massive HI louds.
Physis also works against the detetion of moleular gas. If the gas is drawn
from the dwarf or the outer regions of the large galaxy, it may be deient in heavy
elements. The CO to H2 onversion fator an be dierent for lower metalliities,
meaning a larger H2 mass for a given CO ux. Also, CO does not form in a
moleular loud until AV ≥ 3, while H2 forms at AV < 1 (Hollenbah & Tielens,
1997). In a low pressure environment suh as low gas density tidal debris a
43
substantial amount of moleular gas an an exist at low AV that will not be
detetable through CO. Theoretial models (Wolre, Hollenbah, & MKee, 2010)
show that the fration of moleular mass in the dark gas (H2 and C
+
) is f ∼ 0.3
for typial galati moleular louds, inreasing for lower AV and lower metalliity.
2.4 Conlusions
While the moleular gas rih Eastern tail of NGC 2782 was known to form stars, I
report the detetion of reent star formation in the HI rih but moleular gas poor
Western tail. This is ontrary to the onlusion of Braine et al. (2001), that the lak
of deteted moleular gas in the Western tail implies that no stars are forming
there. Globally, I nd that ΣSFR based on our Hα observations is several orders of
magnitude less than expeted from the total (HI + H2) gas density. Hα
observations provide only a lower limit on urrent star formation rates, as GALEX
observations show extended FUV+NUV emission along the tail. This indiates star
formation is less eient aross the tail, forming lower mass star lusters. I nd
that the observed loal ΣSFR from Hα is ∼20% of that expeted from the loal total
gas density, onsistent with that observed in the tidal debris of Arp 158. The HII
region has a low SFE onsidering the total gas density, but a normal SFE
onsidering the low moleular gas density. This HII region in the Western tail of
NGC 2782 may be a very small, dense region the moleular gas in whih is not
observable with urrent instruments or may be indiative of star formation in low
metalliity and/or low pressure regimes.
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Chapter 3
COMPARING STAR FORMATION IN THE TIDAL TAILS OF NGC 2782
3.1 Introdution
Major mergers (e.g., two equal mass spiral galaxies) an form in their debris ranging
from large tidal dwarf galaxies (TDGs) down to star lusters (e.g., Du et al., 2000;
Weilbaher et al., 2002; Knierman et al., 2003; Mullan et al., 2011). However, the
spetaular displays of major mergers (e.g., NGC 4038/9 The Antennae;
Whitmore et al., 1999) are relatively rare ompared to minor mergers (in this work,
dened to be between a dwarf galaxy and spiral galaxy with a mass ratio of < 0.3).
This work aims to understand how minor mergers shape galati struture and also
to examine star formation in gas that may be marginally stable.
Observations of young star lusters in tidal debris show varied results, with
some tails forming many star lusters, while others only have a few star lusters
sattered along the tail or only hosted in the tidal dwarf galaxy. Studies have shown
a large amount of neutral hydrogen in tidal debris (Smith, 1994; Hibbard et al.,
1994; Maybhate et al., 2007), but only ertain regions with higher gas densities host
moleular gas (Smith et al., 1999; Braine et al., 2001). Previous results (Boquien
et al., 2011; Knierman et al., 2012) have also shown that star formation in tidal
debris does not follow the Kenniutt-Shmidt law. This work
4
aims to ompare star
formation and gas properties on loal and global sales using multiwavelength
observations of two tidal tails with dierent properties in the same minor merger.
The peuliar spiral, NGC 2782, is at a distane of 39.55 Mp (Mould et al.,
2000). in the RC3, it is lassied as SABa(rs) pe sine it has a disturbed enter
with bright ars. A starburst is ourring in the entral regions (Devereux, 1989).
4
This work uses the Hershel Spae Observatory. Hershel is an ESA spae observatory with
siene instruments provided by European-led Prinipal Investigator onsortia and with important
partiipation from NASA.
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NGC 2782 has two tidal tails: an HI-rih, optially faint Western tail extending 5
′
to the northwest and an Eastern tail whih has a onentration of HI and CO at its
base, but a gas-poor optially bright knot 2.7
′
from the enter (see Smith, 1994). A
tidal dwarf galaxy andidate (TDGC) was disovered by Yoshida et al. (1994) in the
Eastern tail near the main body of the galaxy. Their optial spetrum onrms its
assoiation with NGC 2782 and indiates that it may be metal poor, similar to
other TDGs (Du et al., 2000). CO is not deteted at the loation of massive HI
lumps in the Western tail whih led Braine et al. (2001) to suggest that the HI in
the Western tail of NGC 2782 is not gravitationally bound and has presumably not
had time to ondense into H2 and for star formation to begin.
To determine the merger age and geometry, Smith (1994) onstruted a
restrited 3-body dynamial model of NGC 2782. This model reprodues the
morphology and HI veloities whih indiates that NGC 2782 may be the result of a
merger between a large disk galaxy and a lower mass disk galaxy with a mass ratio
of ∼ 0.25 ourring ∼ 200 Myr ago. However, this model does not inlude gas
dynamis or self-gravity of the partiles whih ould hange the results. Further
simulations have not been done to test this merger senario. Merger age an also be
inferred by using the maximum tail length (50 kp) and the disk rotation speed (150
km s
−1
; Smith (1994)) (see Setion 3.1 of Knierman et al. (2003)). For NGC 2782, I
infer a merger age of 50 kp/150 km s
−1 = 300 Myr whih is lose to the age from
Smith (1994).
Wehner (2005) also studied the tidal debris of NGC 2782 with deep,
wide-eld imaging and found that the debris in the Eastern and Western plumes has
olors both onsistent with eah other and bluer than the main disk of NGC 2782,
suggesting that perhaps the two tails formed from the same dwarf ompanion that
5
From NED, orreted for Virgo, Great Attrator, and Shapley, whih I will use for the duration
of this paper.
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passed through or along the disk of NGC 2782 and was destroyed in the proess.
However, by examining the m
HI
/LB ratios for the stellar and gaseous debris,
Wehner (2005) onludes that it is unlikely that all the gaseous debris in the
Western plume originated in the smaller ompanion, as this would require the
exessively large m
HI
/LB ratio of 6.4. More likely, a signiant amount of the
gaseous debris originated in the gaseous disk of the main galaxy.
NGC 2782 also has a well-behaved exponential disk at intermediate radii.
Smith et al. (1994) nd an R1/4 prole within the innermost arminute, and
Wehner (2005) nds that the R1/4 prole reemerges at higher radii, onsistent with
the idea that the outer stellar plumes are debris resulting from a minor merger.
Mullan et al. (2011) in their V and I band Hubble Spae Telesope/WFPC2 survey
of tidal tails nd 87 star luster andidates in the Eastern tail of NGC 2782 and 10
andidates in the Western tail.
I obtained deep optial broadband and Hα images ombined with new [CII℄
and CO observations and published HI and CO observations to ompare loal and
global star formation, as determined by several dierent traers, between the tidal
tails in NGC 2782. Setion 2 ontains the observations and alibrations. Setion 3
presents the results. In Setion 4, I disuss the possible reasons for the dierenes
between the tidal tails.
3.2 Observations and Redutions
I examine dierent traers of star formation in the tidal tails of NGC 2782. First, I
examine both tails for evidene of young star lusters using ground-based UBV R
images and HST/WFPC2 images to identify isolated star lusters or star luster
omplexes. The HST/WFPC2 images are from the Cyle 16 program 11134 (P.I. K.
Knierman) and published in Mullan et al. (2011). Next, I identify young star
forming regions using Hα and [CII℄. Then I examine the amount of gas available for
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star formation through new and published CO observations and previous HI
observations.
3.2.1 Optial images
Images in UBV R and Hα were taken with the Loral 2K CCD imager at the Lennon
1.8m Vatian Advaned Tehnology Telesope (VATT) on Mount Graham, Arizona
(see Table 1 for a log of observations and Figures 3.1 and 3.2). This imager has a
6.4
′
eld of view with 0.42
′′
per pixel. Images were redued using standard
IRAF
6
IRAF is distributed by the National Optial Astronomy Observatory, whih
is operated by the Assoiation of Universities for Researh in Astronomy, In.,
under ooperative agreement with the National Siene Foundation. tasks.
3.2.1.1 Soure Detetion and Photometry
To selet soures, IRAF-DAOFIND was used with a threshold of 4σ where σ is the
standard deviation of the bakground. The standard deviation of the bakground
was found by averaging several regions around the image, away from the varying
bakground of the tail. Soures with S/N > 3.0 were retained for photometry due
to the smoothness of the ground-based imaging.
Aperture photometry was performed on these soures using the PHOT task
in the IRAF-APPHOT pakage. The radii of the objet aperture, the inner
boundary of the bakground annulus, and the outer boundary were 8, 13, and 18
pixels, respetively (3.4/5.5/7.6 arse). We retained only soures that were
deteted in all bands (UBV R) and with magnitude errors < 0.2. Photometri zero
points were obtained using Landolt standard stars taken on photometri nights.
6
IRAF is distributed by the National Optial Astronomy Observatory, whih is operated by the
Assoiation of Universities for Researh in Astronomy, In., under ooperative agreement with the
National Siene Foundation.
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Table 3.1: Optial Observations of NGC 2782
Tail Date Filter Exp. Time Photometri?
se
Eastern Tail Feb. 15, 2004 U 12× 300 yes
Feb. 17, 2004 U 3× 900 no
Feb. 15, 2004 B 9× 300 yes
Feb. 17, 2004 V 4× 900 no
May 12, 2005 V 2× 300 yes
Feb. 17, 2004 R 3× 900 no
May 12, 2005 R 2× 300 yes
May 12, 2005 Hα 3× 1200 yes
Western Tail Feb. 18, 2004 U 8× 900 no
May 22, 2004 U 2× 600 yes
Feb. 16, 2004 B 4× 900 no
May 22, 2004 B 2× 300 yes
Feb. 17, 2004 V 4× 900 no
May 22, 2004 V 2× 300 yes
Feb. 17, 2004 R 3× 900 no
May 22, 2004 R 2× 300 yes
Ot. 3, 2004 R 3× 150 yes
Ot. 4, 2004 R 2× 300 yes
Ot. 3, 2004 Hα 3× 900 yes
Ot. 4, 2004 Hα 2× 1200 yes
De. 6, 2004 Hα 3× 900 no
The foreground extintion from the Galaxy was orreted using the AB values from
Shlegel, Finkbeiner, & Davis (1998) and the reddening urve from Mathis (1990).
3.2.1.2 Seletion of In Tail and Out of Tail Regions
To obtain a population of bakground objets I identied in tail and out of tail
regions. Previous studies have used various tehniques to determine tail boundaries,
inluding loation of the HI ontours (Knierman et al., 2003), surfae brightness
ontours at a spei surfae brightness (µ) (Shombert et al., 1990), and visual
inspetion (Bastian et al., 2005b). For this study, a ombination of surfae
brightness and ontour plotting methods was used. There are two areas to dene for
tidal debris: the inner regions of the galaxy must be exluded to prevent
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Figure 3.1: V image of Eastern tail taken at the VATT 1.8m with nal star luster
andidates marked by small irles. Green indiates in tail, while Blue indiates
out of tail. The large green irle indiates the area dened as the entral region of
the galaxy. Red irles mark the loations of Hα soures. Magenta boxes mark the
loations of massive HI louds (Smith, 1994). The inset outlined in red shows the
Hα emission from the area indiated by the white box. The inset image outlined in
green shows an enlargement of the region of the V image indiated by the white box.
The blak irle indiates the beam size of the CO(1-0) observations with the ARO
Kitt Peak 12 meter telesope.
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Figure 3.2: V image of Western tail taken at the VATT 1.8m with nal star luster
andidates marked by small irles. Green indiates in tail, while Blue indiates
out of tail. The large green irle indiates the area dened as the entral region of
the galaxy. Red irles mark the loation of the Hα soure, W235 (Knierman et al.,
2012). Magenta boxes mark the loations of massive HI louds (Smith, 1994). The
rosses denote the loations where Smith et al. (1999) looked for CO. The blue ross
was reobserved with more sensitive observations by Braine et al. (2001). The inset
shows the Hα emission from the area indiated by the white box. The blak irle
indiates the beam size of the CO(1-0) observations with the ARO Kitt Peak 12 meter
telesope.
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ontamination from star lusters formed in the dense inner starburst, and the outer
extent of the debris region where the debris fades into the general sky bakground.
To determine where the disk of the galaxy ends and the debris begins, I
onsidered the use of the standard D25 system or the isophotal diameter at the
limiting surfae brightness of 25 B mag arse
−2
. The major and minor axes and
the position angle of the D25 parameters were taken from LEDA
7
, and assuming an
ellipse, plotted on the image. Next, logarithmially spaed surfae brightness
ontours were plotted on the image to determine where the regularity of the entral
galaxy region departed into the asymmetry of the debris region. The boundary
between the entral region of the galaxy and the tidal debris was then dened to be
a ombination of the D25 ellipse and the last regularly shaped ontour.
To determine the divide between the debris region and the general
bakground, again, a ombination of ontour plots and surfae brightness limits was
used. I rst plot the Holmberg radius (Holmberg, 1958), the radius at whih the
surfae brightness in a blue lter reahes 26.5 mag arse
−2
. This ontour at
µB = 26.5 mag arse−2, followed not the entral regions of this galaxy, but the
outer boundary of the tidal tails and debris regions. Holmberg found that the radius
at whih µB = 26.5 mag arse−2 inluded the outermost HII or star forming regions
in a galaxy, however, reent work shows this to not always be the ase (Elmegreen &
Hunter, 2004). It is, therefore, not surprising that the Holmberg radius in this
merger inludes the tidal debris with its star formation. To ensure inlusion of all
tidal debris, I plot logarithmially spaed surfae brightness ontours on the images.
At the edges of the tidal debris, there was a rapid deline in surfae brightness
denoted by the small spaing of several ontours followed by 2 surfae brightness
ontours with larger spaing before the tidal debris faded into the bakground. The
outermost ontour that enlosed the tail region was hosen to represent the tidal
7
HyperLeda database (http://leda.univ-lyon1.fr) Paturel et al. (2003)
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tail. Upon inspetion, this ontour followed approximately the Holmberg ontour,
however, where they diered greatly, the ontour hosen by ontour spaing was
preferred. Figures 3.1 and 3.2 indiate the tidal tail regions seleted.
3.2.1.3 Completeness Tests
Completeness tests were onduted on the images in eah band. First, a PSF was
onstruted using 6-10 bright, isolated stars in eah image with the PSF task. Then
ADDSTAR was used to add 100 stars randomly distributed aross the image. Stars
were added in 0.5 mag bins spanning the range from 13-26.5 instrumental
magnitudes (e.g., an image with 100 stars added with magnitudes between 13 and
13.5, a seond image with 100 stars added with magnitudes between 13.5 and 14).
Soures were deteted and photometry performed as desribed in Setion 3.2.1.1.
This proedure was run 50 times per image to produe a total of 5000 stars added
randomly to eah image. As seen in Figure 3.3, the ompleteness limit for the
Eastern Tail is V ∼ 22.9 (MV ∼ −10.1) and for the Western Tail is V ∼ 23.7
(MV ∼ −9.3). The higher bakground of the Eastern tail may aount for the
ompleteness limit at a brighter magnitude.
3.2.1.4 Final Star Cluster Candidates
To selet the nal sample of star luster andidates, I used the 3DEF method (Bik
et al., 2003), a three dimensional maximum likelihood ode whih ts the spetral
energy distribution (SED) of a luster to broad band olors, to t luster ages,
masses, and extintions (number of data points = 4, parameters in model = 3). For
eah luster, the 3DEF method uses a grid of simple stellar population (SSP) models
of ages between 1 Myr and 10 Gyr, extintions ranging from 0 ≤AV ≤ 4 in equal
steps of 0.02, and masses with a range depending on the absolute magnitude of the
soure. For this analysis, I adopt the models of Bruzual & Charlot (2003) with a
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Figure 3.3: For Eastern Tail, the fration of artiial stars reovered by DAOFIND
in the V band.
metalliity of 0.4Z⊙. I assume that the metalliity of the star lusters in the tidal
debris mathes the observed metalliity of tidal dwarf galaxies, Z ∼ 1/3Z⊙ (Du et
al., 2000), whih is similar to the metalliity of the outer regions of spiral galaxies.
Table 3.2 lists the information for star luster andidates in the Eastern tail. Tables
3.3 and 3.4 list the information for star luster andidates in the Western tail.
Table 3.3 shows properties of the star lusters suh as redued χ2, extintion, age,
and mass, and their assoiated errors as well as the entroid pixel values. Table 3.2
and 3.4 show star luster photometry and errors in UBV R, olors, and MB.
The errors in the magnitudes in eah band were used to estimate the errors
in the age, mass, and extintion. For eah UBV R magnitude, I add the error in the
magnitude to the magnitude and run the SED tting ode - the output ages,
masses, and extintions are the upper bound on the error bar for those values. Then
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Figure 3.4: For Western Tail, the fration of artiial stars reovered by DAOFIND
in the V band.
I subtrat the error in the magnitude from eah UBV R magnitude and run the
SED tting ode - the output ages, masses, and ext. are the lower bound on the
error bar for those values. For bright soures with small error bars, if the output
age, mass, or extintion were the same as the data values, the upper and/or lower
bounds for the errors were taken from the grid size of the models. For example, a
SCC may have an output age of 6.42 with the same age given when I run both
error models. The next highest age bin is 6.44, so this is assigned to be the upper
error and the next lowest age bin, 6.40, will be the lower error. (See the star luster
andidates with their errors in age, mass, and extintion in Table 3.3.)
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For the whole Eastern tail image eld, out of 153 soures seleted in the
above method, a total of 55 had redued χ2 < 3.0 when t to the Bruzual & Charlot
(2003) single stellar population models with 29 residing in the tail region. For the
Western tail image eld, out of 113 soures seleted in the above method, a total of
49 had redued χ2 < 3.0 with 18 in the tail region.
In the out of tail regions, 18 were t in the Eastern tail image and 30 in the
Western tail image. These represent our ontaminants. Very red soures t with
large extintion are likely to be foreground stars that have similar olors. Others
may be bakground galaxies. To estimate the number of foreground stars in our
images, I use the Besaon Milky Way star ount model by Robin et al. (2003). For
loation of NGC 2782 in the sky, the 6
′
eld of view, and the range of olors and
apparent magnitudes of our SCCs, I estimate there to be about 13 foreground stars.
Sine the Eastern tail ontains about 40% of the eld of view, I then expet about 5
foreground stars within the tail and 8 in the out of tail region. The Western tail
oupies about 30% of the eld of view, so I expet about 4 foreground stars in the
in tail region and 9 in the out of tail region. Using the Sloan Digital Sky Survey
SkyServer DR6 Searh (Adelman-MCarthy et al., 2008) and the Jester et al. (2005)
transformations from UBV R to ugr lters, our range of olor and magnitudes for
the soures in the Eastern and Western tail estimate about 11 bakground galaxies
in the Eastern tail entire eld of view and about 18 in the Western tail eld of view.
The transformation from UBV R to ugr lters is unertain, so these numbers are
only rough estimates for the bakground galaxies based on olor and brightness. In
total, I estimate about 19 foreground stars and bakground galaxies for the Eastern
tail (lose to the 18 found in the out of tail region) and 27 in the Western tail
(lose to the 30 found out of tail). The loations of the nal star luster
andidates and the out of tail soures t by the SSP models are marked on the V
images in Figures 3.1 and 3.2.
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Table 3.2: NGC 2782 East Star Cluster Candidate Photometry
# X Y U B V R U −B B − V V −R MB
0 394.152 565.963 21.855 (0.069) 22.343 (0.097) 21.550 (0.087) 21.027 (0.103) -0.488 (0.119) 0.793 (0.130) 0.522 (0.135) -10.647
1 360.460 474.580 21.123 (0.039) 20.998 (0.035) 20.772 (0.038) 20.394 (0.070) 0.125 (0.052) 0.226 (0.051) 0.377 (0.080) -11.992
2 398.524 507.196 21.269 (0.029) 21.282 (0.028) 21.109 (0.055) 20.521 (0.064) -0.013 (0.041) 0.172 (0.062) 0.588 (0.084) -11.708
3 429.452 456.452 22.053 (0.058) 22.250 (0.068) 21.736 (0.096) 22.012 (0.265) -0.197 (0.090) 0.514 (0.118) -0.276 (0.281) -10.740
4 383.717 448.772 22.285 (0.085) 22.292 (0.092) 23.056 (0.305) 22.089 (0.303) -0.007 (0.125) -0.764 (0.319) 0.967 (0.430) -10.698
61 196.373 192.751 23.320 (0.195) 22.979 (0.115) 22.529 (0.108) 21.918 (0.116) 0.341 (0.226) 0.450 (0.158) 0.611 (0.159) -10.011
72 285.484 236.534 23.175 (0.147) 23.057 (0.072) 22.724 (0.118) 21.894 (0.122) 0.118 (0.164) 0.333 (0.138) 0.830 (0.169) -9.933
86 95.453 288.121 23.745 (0.231) 23.937 (0.163) 22.978 (0.148) 21.661 (0.100) -0.192 (0.282) 0.959 (0.220) 1.317 (0.179) -9.053
146 380.222 357.056 23.619 (0.176) 23.474 (0.132) 22.652 (0.132) 22.100 (0.176) 0.146 (0.220) 0.822 (0.187) 0.552 (0.220) -9.516
233 527.075 402.355 22.547 (0.091) 22.002 (0.057) 21.018 (0.063) 20.286 (0.056) 0.544 (0.108) 0.984 (0.085) 0.732 (0.084) -10.988
248 343.433 410.918 20.778 (0.022) 20.426 (0.015) 19.831 (0.017) 19.445 (0.025) 0.352 (0.027) 0.595 (0.023) 0.386 (0.031) -12.564
358 367.965 467.203 21.705 (0.081) 21.590 (0.067) 20.858 (0.048) 20.410 (0.079) 0.115 (0.104) 0.732 (0.082) 0.448 (0.092) -11.400
451 508.510 508.326 23.259 (0.145) 23.299 (0.117) 22.577 (0.163) 21.743 (0.184) -0.041 (0.186) 0.723 (0.201) 0.834 (0.246) -9.691
506 512.762 536.482 23.581 (0.214) 23.424 (0.175) 22.092 (0.144) 21.492 (0.162) 0.158 (0.277) 1.332 (0.226) 0.600 (0.217) -9.566
530 367.374 549.503 21.755 (0.044) 22.137 (0.059) 21.887 (0.125) 21.191 (0.136) -0.382 (0.073) 0.250 (0.138) 0.696 (0.185) -10.853
543 399.654 556.366 22.271 (0.091) 22.348 (0.076) 22.048 (0.129) 21.258 (0.126) -0.077 (0.119) 0.300 (0.149) 0.790 (0.180) -10.642
555 370.081 562.678 20.858 (0.028) 20.996 (0.033) 20.579 (0.045) 20.358 (0.080) -0.138 (0.043) 0.417 (0.056) 0.222 (0.092) -11.994
596 408.717 595.590 24.289 (0.389) 23.949 (0.184) 22.993 (0.187) 21.622 (0.166) 0.341 (0.430) 0.955 (0.262) 1.371 (0.250) -9.041
611 349.476 607.032 22.658 (0.078) 22.272 (0.054) 21.382 (0.055) 20.347 (0.054) 0.386 (0.095) 0.891 (0.077) 1.034 (0.077) -10.718
640 573.743 640.455 23.826 (0.218) 23.435 (0.105) 22.894 (0.133) 22.026 (0.137) 0.392 (0.242) 0.541 (0.170) 0.868 (0.191) -9.555
650 221.230 646.889 23.340 (0.177) 22.784 (0.094) 21.943 (0.113) 21.266 (0.146) 0.556 (0.201) 0.842 (0.147) 0.676 (0.185) -10.206
655 614.905 668.400 23.104 (0.122) 22.772 (0.054) 21.566 (0.047) 20.696 (0.040) 0.332 (0.133) 1.206 (0.071) 0.870 (0.061) -10.218
665 101.749 702.029 23.494 (0.158) 23.433 (0.121) 22.704 (0.123) 21.983 (0.149) 0.061 (0.199) 0.729 (0.172) 0.721 (0.193) -9.557
682 127.326 743.661 24.429 (0.472) 23.557 (0.159) 22.433 (0.121) 21.004 (0.071) 0.872 (0.498) 1.124 (0.200) 1.428 (0.140) -9.433
684 619.316 749.198 23.525 (0.184) 23.915 (0.150) 22.963 (0.172) 22.324 (0.169) -0.390 (0.238) 0.952 (0.228) 0.639 (0.241) -9.075
690 513.713 761.758 24.085 (0.285) 23.810 (0.154) 22.902 (0.128) 22.095 (0.126) 0.275 (0.324) 0.907 (0.200) 0.807 (0.179) -9.180
695 362.009 777.885 22.894 (0.099) 22.835 (0.059) 22.276 (0.075) 22.125 (0.125) 0.060 (0.115) 0.558 (0.095) 0.151 (0.145) -10.155
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Table 3.3: NGC 2782 West Star Cluster Candidate Properties
Number χ2 Extintion Age Mass X Y
E(B − V ) log(yr) log(M/M⊙) pixel
97 0.1 0.50
0.49
0.51 7.58
7.54
7.63 5.67
5.68
5.66 501.704 266.439
101 0.6 0.27
0.26
0.21 8.06
8.01
8.21 5.73
5.75
5.70 498.146 270.219
120 0.0 0.63
0.61
0.64 7.76
7.70
7.81 6.15
6.10
6.16 421.899 338.391
152 2.5 0.97
0.96
0.98 6.40
6.38
6.42 5.96
5.97
5.95 334.414 421.170
172 1.3 0.00
0.00
0.01 8.46
8.51
8.40 5.74
5.82
5.70 451.681 477.299
182 0.2 0.99
0.98
1.01 6.44
6.40
6.46 5.75
5.82
5.74 541.170 494.540
185 0.7 1.21
1.18
1.25 6.34
6.32
6.36 6.06
6.07
6.05 489.818 501.482
204 0.0 1.42
1.38
1.46 6.34
6.36
6.26 6.57
6.55
6.65 348.104 552.657
226 0.5 0.01
0.03
0.00 7.53
7.49
7.54 5.05
5.07
5.01 536.171 599.457
227 0.9 0.26
0.82
0.28 9.30
7.86
9.32 7.06
6.70
7.08 764.120 600.468
234 0.0 0.94
0.92
0.96 6.40
6.42
6.32 5.66
5.67
5.76 810.621 623.717
235 0.6 0.57
0.58
0.64 6.58
6.60
6.22 5.35
5.39
5.80 545.504 626.576
282 0.0 0.17
0.20
0.15 7.86
7.76
7.91 5.30
5.34
5.25 584.557 710.380
299 0.1 0.78
0.77
0.75 7.91
7.81
8.11 6.56
6.52
6.60 558.372 730.295
331 1.2 0.82
0.81
0.83 6.40
6.44
6.38 5.48
5.46
5.45 452.459 767.836
398 2.4 0.57
0.55
0.52 7.86
7.72
8.11 5.94
5.88
5.97 548.341 836.734
412 0.2 1.21
1.22
1.20 7.32
7.26
7.42 6.98
6.95
7.01 641.640 850.058
448 0.6 0.75
0.71
0.81 6.82
6.84
6.80 5.39
5.37
5.41 749.070 880.521
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Table 3.4: NGC 2782 West Star Cluster Candidate Photometry
# U B V R U −B B − V V −R MB
97 23.274 (0.134) 23.411 (0.099) 22.814 (0.092) 22.290 (0.079) -0.136 (0.166) 0.596 (0.135) 0.524 (0.121) -9.579
101 22.967 (0.102) 23.061 (0.074) 22.610 (0.081) 22.327 (0.078) -0.094 (0.126) 0.451 (0.109) 0.283 (0.112) -9.929
120 23.076 (0.111) 23.016 (0.065) 22.330 (0.072) 21.690 (0.051) 0.060 (0.129) 0.686 (0.097) 0.640 (0.088) -9.974
152 22.503 (0.080) 22.978 (0.065) 22.375 (0.067) 21.569 (0.046) -0.475 (0.103) 0.603 (0.093) 0.806 (0.081) -10.012
172 22.635 (0.085) 22.573 (0.061) 22.369 (0.104) 22.307 (0.140) 0.062 (0.105) 0.204 (0.120) 0.063 (0.174) -10.417
182 23.058 (0.120) 23.488 (0.108) 22.739 (0.098) 22.066 (0.075) -0.430 (0.161) 0.749 (0.145) 0.673 (0.123) -9.502
185 23.621 (0.168) 23.832 (0.153) 23.045 (0.120) 22.063 (0.082) -0.211 (0.227) 0.787 (0.195) 0.983 (0.145) -9.158
204 23.398 (0.155) 23.429 (0.100) 22.347 (0.082) 21.309 (0.039) -0.031 (0.184) 1.082 (0.129) 1.037 (0.091) -9.561
226 22.376 (0.063) 22.841 (0.062) 22.883 (0.113) 22.599 (0.108) -0.465 (0.088) -0.042 (0.129) 0.283 (0.156) -10.149
227 22.917 (0.134) 22.637 (0.042) 21.658 (0.040) 20.944 (0.025) 0.281 (0.140) 0.979 (0.058) 0.714 (0.047) -10.353
234 23.163 (0.175) 23.585 (0.108) 22.918 (0.135) 22.297 (0.095) -0.422 (0.206) 0.666 (0.173) 0.621 (0.165) -9.405
235 21.903 (0.040) 22.492 (0.047) 22.075 (0.059) 21.741 (0.055) -0.589 (0.062) 0.417 (0.075) 0.334 (0.080) -10.498
282 23.171 (0.129) 23.404 (0.102) 23.143 (0.148) 22.888 (0.141) -0.234 (0.165) 0.261 (0.180) 0.255 (0.204) -9.586
299 23.064 (0.142) 22.793 (0.075) 21.980 (0.083) 21.192 (0.050) 0.270 (0.161) 0.814 (0.112) 0.788 (0.097) -10.197
331 22.991 (0.112) 23.660 (0.128) 22.999 (0.113) 22.461 (0.095) -0.669 (0.170) 0.661 (0.171) 0.538 (0.148) -9.330
398 23.519 (0.184) 23.348 (0.109) 22.990 (0.136) 22.152 (0.085) 0.171 (0.214) 0.358 (0.174) 0.838 (0.161) -9.642
412 22.849 (0.099) 22.556 (0.046) 21.377 (0.028) 20.245 (0.015) 0.293 (0.109) 1.179 (0.054) 1.132 (0.032) -10.434
448 23.296 (0.173) 23.358 (0.088) 22.350 (0.063) 21.599 (0.046) -0.062 (0.194) 1.008 (0.109) 0.751 (0.078) -9.632
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3.2.2 Hα Images
Narrow-band Hα images were also obtained at the VATT with an 88 mm Andover
3-avity interferene lter entered at 6630 Å. The FWHM of the lter is 70Å whih
inludes the [NII℄ lines. Integration times for the Hα images were 3× 1200 s on the
Eastern tail and 2× 1200 s and 6× 900 on the Western tail. To subtrat ontinuum
emission, both elds were also observed with a Kron-Cousins R lter using
integration times of 3× 300 s. Images were redued in a similar manner as stated
above.
To reate images with only the emission lines, a saled R band image was
subtrated from narrowband image after alignment using foreground stars. To
determine an initial saling fator, the ratio of integration time for individual frames
is multiplied by the ratio of lter widths. If there were still strong ontinuum
features in the galaxies, the saling fator was varied iteratively until the
ontinuum-dominated regions in the galaxy and the bakground soure and
foreground star residuals reahed a minimum (Lee, 2006). The insets in Figures 3.1
and 3.2 show the ontinuum-subtrated Hα images for the regions of interest.
3.2.2.1 Calibration of Hα
Spetrophotometri standard stars from the Oke (1990) atalog were observed on
eah night. Aperture photometry of these standards was ompared to their absolute
magnitudes. Absolute magnitudes for eah spetrophotometri standard star were
alulated by integrating their spetral energy distribution over the lter response
funtion. I used a standard atmospheri extintion oeient of 0.08 mag airmass
−1
(Lee, 2006). Zero points were alulated by omparing the absolute magnitude in
eah lter with the instrumental magnitude from aperture photometry. For eah
night, the zero points from all standards (typially 3-5) were averaged.
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Due to the proximity of the [NII℄ doublet at λ6548,6583 to the Hα line, their
ontribution to the ux needs to be aounted for and removed. Also, the use of the
broadband R lter for the ontinuum measurement means that emission line ux
from that lter needs to be removed. The total ux equation (Equation A13 in Lee
(2006)) is:
ftot(Hα + [NII]) =
λ−210−0.4(ZP+2.397−κsec(z))FWHMNBCR(Hα + [NII])
[
TNB(λ)− TR(λ) tRtNB 1F
]−1
(3.1)
λ: redshifted wavelength of Hα
ZP : zero point
κ: atmospheri extintion oeient (I use 0.08 mag airmass−1)
FWHMNB: width of narrowband lter in Å
CR(Hα+ [NII]): ount rate in ontinuum subtrated image
TR: Transmission orretion in R. Calulated by an average of normalized
transmissions at eah redshifted wavelength of Hα and [NII℄ lines, weighted by their
relative line uxes.
TNB: Transmission orretion for narrowband lter. Calulated by an
average of normalized transmissions at eah redshifted wavelength of Hα and [NII℄
lines, weighted by their relative line uxes.
tR: exposure time in R band lter
tNB: exposure time in narrowband lter
F : sale fator applied to R band ontinuum image when subtrating it from
narrowband image.
While TNB would ideally be alulated by measuring the line ratios of Hα
and [NII℄ lines diretly from spetrosopy, in the absene of spetra for HII regions,
there is a relation between metalliity and the ratio of [NII℄ to Hα. In Figure 9 of
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van Zee et al. (1998), an empirial relation is shown between these two values:
12 + log(O/H) = 1.02 log([NII]/Hα) + 9.36 (3.2)
For the metalliity of 0.4Z⊙, as used in the single stellar population models to t
the star luster andidates, 12 + log(O/H) = 8.06 whih gives
log([NII]/Hα) = −1.3. These numbers were also used to subtrat the ux of the
[NII℄ lines, giving a resulting ux that ontains only that of Hα. If I instead use the
value of 12 + log(O/H) = 8.72 as measured by Werk et al. (2011) in the Western
tail of NGC 2782, I nd log([NII]/Hα) = −0.63. Using this value to determine our
Hα ux, I nd that for the Western tail region the dierene between the Hα
luminosity for the higher metalliity ratio and for the lower metalliity ratio is
0.1× 1038 erg s−1 whih is less than the error bar (±0.4× 1038 erg s−1). I adopt the
lower metalliity value for this work.
3.2.3 [CII℄ observations
To map the [CII℄ 158µm ne struture line in the tidal tails of NGC 2782, I used
the PACS spetrometer (Poglitsh et al., 2010) on the Hershel Spae Observatory
(Pilbratt et al., 2010). The [CII℄ 158µm line is observed with the 2nd plus 1st order
gratings. I used pointed observations with hopping/nodding and a large throw of 6
′
o the soure. To inrease the line sensitivity, I set the line repetition fator to the
maximum value of 10 for eah target. To inrease the total sensitivity, I repeat eah
observation yle 3 times. To reah the needed depth, I observed eah pointing for
3.1 hours.
I observed at one loation in eah tidal tail orresponding to areas of reent
star formation as shown by Hα emission indiated in our narrowband images. The
PACS array has a total eld of view of 47′′ × 47′′ with 5 × 5 spatial pixels of 9.4′′
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size. Eah spatial pixel has 16 spetral elements. This size easily enompasses the
star forming region in the Western tail of NGC 2782 (Knierman et al., 2012). The
Eastern tail of NGC 2782 has a larger spatial extent of star formation; I hoose to
target only the area with the highest observed CO and HI.
The data were proessed using the PACS spetrometer pipeline of the
Hershel Interative Proessing Environment (HIPE) Version 7.3.0. The resulting
PACS Rebinned Spetral Cube produt was exported to a ts ube for further
analysis using IDL routines. The [CII℄ line emission peaks at 159.123 µm for the
soures in the Eastern tail. After subtrating a linear baseline, I produed an
integrated intensity map (Figure 3.5) by integrating over the wavelength range from
158.997-159.249µm. Contours from 3-10σ are plotted with σ = 0.0028 Jy µm pix−1.
I determine σ by taking the rms of spetra outside the line area, multiplying by the
square root of the number of hannels integrated for the map (5 in this ase), and
the width of one hannel, 0.063 µm. Spetra (as shown in Figure 3.6) were
extrated from a single spaxel from the PACS Rebinned Spetral Cube at the
loations indiated in Figure 3.5. After subtrating a linear baseline, the line
intensities were summed over the same range as above and multiplied by the
bandwidth. Errors in the intensity were alulated from the rms value outside the
line area. To orret the amount of ux that falls outside the single spaxel, I use a
ux orretion of 1/0.5 at 160 µm aording to Figure 7 of the PACS Spetrosopy
Performane and Calibration Version 2.4 doument (Vandenbusshe et al., 2011).
This aperture orretion assumes that the soure is a point soure lying at the
enter of the given spaxel.
3.2.4 CO(1-0) observations
The Eastern tail and Western tail of NGC 2782 were observed in the CO(1-0) line in
Marh and Otober 2012 using the Arizona Radio Observatory Kitt Peak 12 meter
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Figure 3.5: Contour of [CII℄ in Eastern tail of NGC 2782 from Hershel/PACS. Solid
ontours range from 3 − 10σ with σ = 0.0028 Jy µm pix−1. Cirles with red labels
indiate position of extrated spetra shown in Figure 3.6. Triangles with blue labels
mark the loations of Hα soures found here and also listed in Smith et al. (1999).
Asterisks mark the loations where CO(1-0) was looked for with the Kitt Peak 12
meter telesope with the green labeled points indiating loations disussed in the
text. The loation labeled CEN was observed in this work (Figure 3.7) while all
other loations were observed by Smith et al. (1999).
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Figure 3.6: Spetra of [CII℄ extrated at loations in Eastern tail indiated in Figure
3.5.
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Figure 3.7: Spetra of CO(1-0) in Eastern tail of NGC 2782 from ARO Kitt Peak 12
meter telesope. The loation of the observation is the same as the [CII℄ observation
with Hershel.
telesope. I used the ALMA band 3 reeiver with 2IFs (both polarizations in USB)
using the MAC autoorrelator in 800MHz bandwidth mode with 2048 hannels. The
total bandpass is 1500 km s
−1
wide and was entered at 2555 km s
−1
. I observed in
position swith mode with a 10
′
throw in azimuth to the o position. The beam size
FWHM is 55
′′
at 115 GHz. The system temperature ranged from 270-360K. I
observed at the same loations of reent star formation in the Eastern and Western
tails of NGC 2782 as our [CII℄ observations. For both tails, I reah an rms value of 1
mK whih is deeper than the observations of these tails by Smith et al. (1999). The
nal summed san for the Eastern tail loation is shown in Figure 3.7.
3.3 Results
As seen in previous work (Smith, 1994; Wehner, 2005), the deep optial images
presented here show that NGC 2782 has an Eastern tail strething 20 kp to the
66
northeast. This tail onsists of a bright region at the tip with a fainter, yet lumpy
bridge region between the main body of the spiral and the bright region at the tip of
the tail. There is also a fainter extension to the southeast as well as faint debris to
the north and south of the main body of the spiral. The Western tail strethes 50
kp to the northwest. It has a faint yet lumpy struture along its length. There is
a single stream strething the full 50 kp as well as a smaller extension to the north
whih only extends one-third as far.
I now examine several dierent traers of star formation between the tidal
tails: the young star luster population, HII regions, and the gas properties
inluding neutral, ionized, and moleular gas.
3.3.1 Properties of star lusters in the tidal debris of NGC 2782
The nal sample of star luster andidates inlude 28 soures in the Eastern tail and
19 soures in the Western tail. As seen in Figure 3.1, the majority (70%) of the star
luster andidates found in the Eastern tail are found in the bridge region. Four
andidates are found in the southeast extension while 3 are found in the debris to
the north and 3 are found south of the entral galaxy. In the Western tail (Figure
3.2), the star luster andidates are mostly loated along the main tail with only 2
in the short tail to the north.
3.3.1.1 Overdensity of star lusters in the tails
While it is diult to remove further ontaminants to the star luster sample
without using additional observations (e.g., spetrosopy), an idea of the amount of
star lusters in the tidal tails an be determined statistially by subtrating the
bakground density from the in tail sample. This tehnique was used in Knierman
et al. (2003) to determine the overdensity of star lusters in the tidal tails of major
mergers. In that paper, young star lusters were seleted by using MV < −8.5 and
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V − I < 0.7 sine only one olor was available. For this study, I again use
MV < −8.5, but sine I are unable to math the olor ut exatly, I take the
Bruzual & Charlot (2003) model age of log(age)=8.5 at whih V − I = 0.7 as our
riteria. Table 3.5 gives the alulation of the overdensity of young star lusters in
the tidal debris. Both the Eastern and Western tails have similar values for the
overdensity of 0.005-0.006 star lusters per kp
2
. This is muh lower than the value
of 0.108 kp
−2
for the Western tail of major merger NGC 3256. Given the diering
areas in the Eastern and Western tails, the expeted number of atual star lusters
is 14 and 10 respetively. In their HST/WFPC2 survey Mullan et al. (2011), also
alulate the overdensity of these tails, but for smaller regions within one WFPC2
pointing. Their values are 0.234 and 0.016 kp
−2
, respetively. These values are 39
and 3 times larger than the values measured here. I suspet the dierene in areas
may have a large aet on this alulation so I alulate the overdensity of our star
luster andidates within area of their WFPC2 observation. I nd 9 star luster
andidates within this region of the tail, and only 1 that overlaps in the out of tail
region. This gives an overdensity of 0.02± 0.01 for the Eastern tail, now only a
fator of ten lower than the value from Mullan et al. (2011).
3.3.2 Properties of Star Cluster Candidates
As shown in Figure 3.8, more luminous star luster andidates are found in the
Eastern tail than in the Western tail. The ranges of luminosity are
−12.6 < MB < −9 for the Eastern tail and −10.5 < MB < −9 for the Western tail.
The average MB for the Eastern tail is -10.34, while the average MB in the Western
tail is -9.85. Aording to the Kolmogorov-Smirnov test, these distributions of MB
have a probability of P = 0.019 of being drawn from the same distribution.
Whitmore et al. (1999) use a faint end uto of M = −9 sine soures fainter
than that limit are likely to be bright stars at the distane of the galaxy. The
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Table 3.5: Overdensity of star lusters in tails
Tail Pixel size Nin Areain Areain Nin/kp
2 Nout Areaout Areaout Nout/kp
2
Surplus
p pix
2
kp
2
pix
2
kp
2
E 80.69 20 345877 2252.0 0.009(0.002) 9 475199 3094.0 0.003(0.001) 0.006(0.002)
W 80.69 17 257238 1674.9 0.010(0.002) 19 584730 3807.2 0.005(0.001) 0.005(0.003)
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brighter end (MB = −12) orresponds to the luminosity of HII regions in Sa/Sb
galaxies (Bresolin & Kenniutt, 1997) and to an age of ∼ 60 Myr in the Bruzual &
Charlot (2003) models for a 106 M⊙ star luster. These star luster andidates are
all muh more luminous than the Trapezium luster in Orion whih has MB = −4.
The B magnitude for 30 Dor in the Large Magellani Cloud is B = 9.63 whih at a
distane of 50 kp gives MB = −8.86. So these star lusters are also more luminous
than 30 Dor.
Sine the Eastern tail has star luster andidates with brightnesses similar to
HII regions and our ground based observations may hide the extended nature of
soures in the tidal tails, I examine the HST/WFPC2 images of both tails from
Mullan et al. (2011). As shown in their Figure 3.7 and Figure 3.8, the brighter
Eastern tail soures are extended with multiple bright lumps, but the Western tail
soures remain ompat and isolated. Therefore, our ground based observations of
the Western tail soures are able to be treated as single star luster andidate with
one stellar population, partiularly sine the HST observations are only in F606W
and F814W bands. However, I must treat the Eastern tail soures dierently due to
their extended nature.
Due to the ompat and isolated nature of the Western tail soures, I
ontinue with the 3DEF SED tting method to determine ages, masses, and
extintion for this tail. As shown in Figure 3.9, star luster andidates in the
Western tail tails have ages ranging from 2.5 Myr to 1 Gyr. The median age in the
Western tail is 150 Myr. This tail has a signiant fration (90%) of star luster
andidates whose ages are less than the age of the merger ∼ 200 Myr (log(age[yr℄) =
8.3). Therefore, there are star lusters that formed in situ in the Western tidal tail
of NGC 2782. Figure 3.9 shows the range of star luster andidate masses in the
Western tail. The Western tail has star luster andidates ranging in mass from
105 − 107.25 M⊙, with a median mass of 5× 105 M⊙. The masses of the star luster
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Figure 3.8: Histogram of MB for nal star luster andidates. The solid line indiates
Eastern tail andidates and the dotted line indiates Western tail andidates. Error
bars represent the Poisson error for eah bin: the square root of the number of star
luster andidates in the bin.
andidates in this tail are muh larger than the 103 M⊙ of the Orion luster and the
2× 104 M⊙ mass of R136, but are on the order of masses of star lusters in entral
starburst of the Antennae galaxy.
3.3.3 Star Cluster Complexes in Eastern Tail
Stars often form in pairs or lusters, not in isolation, and star lusters may also form
in groups. These groups, alled star luster omplexes, represent one of the levels of
hierarhial star formation in galaxies and are often seen in spiral galaxies. In
nearby spiral galaxies, Elmegreen & Salzer (1999) nd a linear relation between the
brightness of a star luster omplex and its linear size. In optial and moleular
observations of M51, Bastian et al. (2005a) nd that star luster omplexes are
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Figure 3.9: Top: Histogram of star luster andidate ages for the Western tail of
NGC 2782. Bottom: Histogram of star luster andidate masses for the Western tail
of NGC 2782. Error bars represent the Poisson error for eah bin: the square root of
the number of star luster andidates in the bin.
72
young (< 10 Myr) and have a strong orrelation between mass and size (unlike for
isolated star lusters) whih is similar to that found for GMCs. In studies of
Hikson Compat Group galaxies, Konstantopoulos et al. (2012) nd a linear
relation in HCG 59, but no relation for HCG 7 (Konstantopoulos et al., 2010).
Using the HST images from Mullan et al. (2011) and the methods of
Konstantopoulos et al. (2010, 2012), I nd the boundaries of these extended
amorphous strutures by eye measured by ontours whih are > 10σ above the
bakground (see Figure 3.10). Photometry was performed on the polygonal
apertures in the WF3 hip (the only one ontaining star luster omplexes in our
tail region) using IRAF/POLYPHOT, zero points from Dolphin (2009), CTE
orretion for extended soures (Grogin et al., 2010), and foreground extintion
from Shlay & Finkbeiner (2011) and NED for the HST lters. I nd 11 star
luster omplexes in the Eastern Tail in the region between the main spiral and the
putative dwarf galaxy. The size of eah region was determined by taking the square
root of the area ontained in the polygonal aperture. Sine the boundaries of the
omplexes were determined by eye, I estimate the error to be ∼ 10% of the size of
the omplex. The sizes of the star luster omplexes (0.19 < D < 0.63 kp) are
onsistent with sizes of star luster omplexes seen in nearby spiral galaxies
(Elmegreen & Salzer, 1999) and in ompat groups (Konstantopoulos et al., 2010,
2012). As seen in Figure 3.11, there is a linear relation between size versus
luminosity (MV 606) for star luster omplexes in the Eastern tail. This indiates a
uniform surfae brightness for the star luster omplexes in the Eastern tail of NGC
2782. The properties of the star luster omplexes are shown in Table 3.6 whih
lists: ID number, assoiated star luster andidate or HII region ID (if any),
entroid pixel values, photometry for F606W and F814W bands and assoiated
errors, V606 − I814 olor, size of the region as alulated above, and MV,606. Of the 11
star luster omplexes, I nd 6 of these have Hα emission assoiated with them
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indiating ages < 10 Myr. All the omplexes have blue olor range of
−0.26 < V606 − I814 < 0.65 also onsistent with previous observations of star luster
omplexes with HST (Konstantopoulos et al., 2010, 2012).
3.3.4 HII Regions
The Hα observations yielded a detetion of one soure in the Western tail
(previously published in Knierman et al. (2012); Werk et al. (2011); Bournaud et al.
(2004); Torres-Flores et al. (2012) and six soures in the Eastern tail (see
Figures 3.1 and 3.2 for loation of soures). Previously, Smith et al. (1999) deteted
nine Hα soures in the Eastern tail. Their observations were deeper than the ones
presented here. Our detetion limit for the Eastern tail is 7.7× 1036 erg s−1 and for
the Western tail is 3.7× 1037 erg s−1. Table 3.3.4 lists the ID number of the star
luster andidate along with its letter designation from Smith et al. (1999) in the
Eastern tail, tail inhabited, B magnitude, MB magnitude, U − B, B − V , V −R,
Hα luminosity, and star formation rate (SFR) from the Hα luminosity following
Kenniutt (1998b). One of our most luminous Hα soures, E4, is oinident with
the loation indiated for the tidal dwarf galaxy andidate in Figure 2 of Yoshida
et al. (1994). In the Eastern tail, L
Hα = 1.8− 7.5× 1038 erg s−1, while the HII
region in the Western tail (previously reported in Knierman et al. (2012)) has
L
Hα = 19× 1038 erg s−1. The Western tail HII region is listed in Torres-Flores et al.
(2012) as System 6 whih is the brightest of their young FUV soures in the Western
tail. These luminosities are at least an order of magnitude less than those of the
brightest HII regions in S galaxies (L
Hα ∼ 1040 erg s−1), but are more typial of
HII regions in Sa/b galaxies where the brightest ones are L
Hα ∼ 1039 erg s−1. Both
tails have HII regions fainter than 30 Dor whih has L
Hα = 6× 1039 erg s−1, but
brighter than Orion (L
Hα = 1036 erg s−1). In omparison with the tidal arm region
of NGC 3077 (Walter, Martin, & Ott, 2006), this very nearby tidal feature has 36
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Table 3.6: Properties of Star Cluster Complexes in the Eastern Tail of NGC 2782
ID SCCID X Y Area V606 I814 V606 − I814 Size MV606
pixel pixel pixel
2
mag mag mag kp mag
1 E0-A 164.75 637.25 345.5 22.284(0.036) 22.205(0.086) 0.079(0.093) 0.355(0.035) -10.696(0.154)
2 E1-E 123.90 259.50 1192.0 20.927(0.019) 20.763(0.042) 0.164(0.046) 0.659(0.066) -12.053(0.151)
3 E2-C 231.50 432.33 833.5 21.279(0.022) 21.057(0.047) 0.222(0.052) 0.551(0.055) -11.701(0.152)
4 E3-F 399.20 276.60 486.5 22.323(0.043) 22.338(0.114) -0.015(0.122) 0.421(0.042) -10.657(0.156)
5 E4-H 240.83 200.50 98.0 23.052(0.041) 23.310(0.128) -0.259(0.134) 0.189(0.019) -9.928(0.156)
6 E356 151.27 235.73 1093.0 21.522(0.031) 21.083(0.054) 0.439(0.062) 0.631(0.063) -11.458(0.153)
7 E530 76.67 547.50 824.5 21.650(0.030) 21.199(0.052) 0.451(0.060) 0.548(0.055) -11.330(0.153)
8 E543 196.40 610.00 367.0 22.972(0.067) 22.321(0.098) 0.651(0.119) 0.365(0.037) -10.008(0.164)
9 E555-B 71.67 599.00 869.0 20.979(0.018) 20.610(0.032) 0.369(0.037) 0.562(0.056) -12.001(0.151)
10 181.40 136.40 224.5 23.019(0.056) 22.571(0.097) 0.449(0.112) 0.286(0.029) -9.961(0.160)
11 226.75 655.50 392.5 23.207(0.085) 23.169(0.216) 0.038(0.232) 0.378(0.038) -9.773(0.172)
7
5
Figure 3.10: Left: HST/WFPC2 image in F606W of the Eastern tail of NGC 2782
from Mullan et al. (2011) with star luster omplexes marked in red. The area
displayed here is the same as the inset in Figure 3.1.
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Figure 3.11: Size-luminosity diagram (D-MV 606) for star luster omplexes in the
Eastern tail of NGC 2782. I nd the star luster omplexes to follow a linear size-
luminosity relation similar to omplexes found in nearby spirals and in HCG 59.
HII regions with a total L
Hα = 2.9× 1038 erg s−1 whih is similar to E3 and E4 and
lower than W235. The Hα region in the Western tail has blue olors and a young
age t with the 3DEF models. Given their Hα emission, these 7 soures are likely
to be less than 10 Myr old indiating star formation in situ in both tidal tails.
3.3.5 Comparison to other star luster populations in tidal debris
In omparing NGC 2782 with the tidal debris of minor merger NGC 6872 (Bastian
et al., 2005b), I nd that both star luster systems have similar ages (∼ 10− 100
Myr). However, NGC 6872 has more luminous star lusters (〈MV 〉 = −12.2) than
NGC 2782 (〈MV,East〉 = −11; 〈MV,West〉 = −10). The dierene in star formation
an be seen in omparisons of Hα maps of both systems. NGC 6872 has widespread
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Table 3.7: Properties of Hα soures in Tidal Tails of NGC 2782
Number Tail B MB U-B B-V V-R L
Hα SFR(Hα)
mag mag mag mag mag 1038erg s−1 M⊙ yr−1
E0-A
a
E 20.98 -11.95 -0.49 0.79 0.52 6.5(0.9) 0.0051(0.0008)
E1-E
a
E 21.57 -11.37 0.12 0.23 0.38 7.5(1.0) 0.0059(0.0009)
E2-C
a
E 21.17 -11.76 0.01 0.17 0.59 1.8(0.4) 0.0015(0.0003)
E3-F
a
E 21.60 -11.33 -0.20 0.51 -0.28 2.7(0.5) 0.0022(0.0004)
E4-H
a
E 21.92 -11.18 -0.01 -0.76 0.97 2.7(0.5) 0.0022(0.0004)
E555-B
a
E 20.996 -11.994 -0.138 0.417 0.222 6.0(0.9) 0.0047(0.0007)
W235 W 22.492 -10.498 -0.60 0.42 0.33 19(3) 0.015(0.002)
a
Letter Nomenlature from Smith et al. (1999)
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Hα emission along both tails (Mihos et al., 1993) whih are orrelated with young
massive star lusters (Bastian et al., 2005b). On the other hand, NGC 2782 has
only a few disrete Hα emission regions in the Eastern tail, and only one in the
Western tail. NGC 6872 has a slightly younger age (∼ 145 Myr) than NGC 2782
perhaps aounting for the dierene in star formation in the tidal tails. There may
also be dierenes in the progenitor galaxies; these ould aount for dierenes in
star formation rate of the tidal tails. NGC 2782 is a strongly star forming galaxy
while NGC 6872 has little star formation in its entral regions. The NGC 6872
interation likely stripped o gas-rih outer layers of the large spiral galaxy like the
Western tail of NGC 2782 while the Eastern tail of NGC 2782 may be remnants of
the smaller galaxy. The sample of minor mergers by Ferreiro, Pastoriza, & Rikes
(2008) inlude larger strutures deteted by Hα emission, leading to younger and
more massive strutures suh as HII regions and Tidal Dwarf Galaxies with very few
star lusters deteted.
The star lusters in the tidal tails of major merger NGC 3256 (Knierman et
al., 2003) have similar ages (30-300 Myr) and luminosities (〈MV 〉 ∼ −10) to those in
NGC 2782. Three star lusters in the Western Tail of NGC 3256 were
spetrosopially onrmed by Tranho et al. (2007) at Gemini South. From their
GMOS-S spetra, they determine ages to be ∼ 80 Myr for two star lusters and
∼ 200 Myr for the third having approximately solar metalliities. The three star
lusters in the Western tail of NGC 3256 have masses (1− 2× 105 M⊙) whih are
similar to the average masses of star lusters in the Western tail of NGC 2782.
Using the HST/WFPC2 images of the Western tail of NGC 3256, Tranho et al.
(2007) show the three star lusters to have a large size (reff ∼ 10− 20 p) ompared
to Milky Way globular lusters or other young massive lusters (reff ∼ 3− 4 p).
The large size of the star lusters may mean that the GMC underwent weak
ompression during the star luster formation. On the other hand, the tidal tail star
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lusters may not have experiened the tidal stripping that other young lusters in
the enters of galaxies have.
3.3.6 Comparing Gas Properties of the Tails
I now examine the gas properties of these two tails. Both tails have been previously
observed in HI (Smith, 1994) and in CO (Smith et al., 1999; Braine et al., 2001).
The Eastern tail is rih in both HI and CO while the Western tail has HI, but no
detetable CO. Table 3.3.6 lists the loation, area, SFR density (ΣSFR) from [CII℄,
SFR density (ΣSFR) from Hα, mass of HI, moleular gas mass, total gas surfae
density, and predited star formation rate density from the gas density from
Kenniutt (1998b). This table inludes information for the loal regions within eah
tail as well as for the entire tail.
3.3.6.1 Neutral Hydrogen - HI
There are 3 massive HI lumps in both tails whih have star luster andidates
assoiated with them. In the Western tail, Smith (1994) measure 10 massive HI
lumps. These range in masses from 3× 107 M⊙ to 1.8× 108 M⊙. Only three of
these massive HI lumps have star luster andidates found within their bounds.
Sine only one HII region was found in the Western tail, I use the Hα bakground
limit as a limit for the Hα star formation rate for the other two HI lumps. The
magenta boxes in Figure 3.2 show the loation of these three lumps in the Western
tail. In the Eastern tail, individual lumps are not tabulated in Smith (1994), but
their masses and sizes were determined by inspetion of their map of HI ontours. I
also inlude a box of the area surrounding the TDGC found by Yoshida et al. (1994)
even though it falls outside the HI peaks. The HI lumps in the Eastern tail have
masses from 3− 8× 108 M⊙, but only 4× 107 M⊙ for the loation of TDGC. The
four regions in the Eastern tail have Hα soures whih provide the loal Hα
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Table 3.8: Comparison of Loal & Global Star Formation Rates
Loation ID Area ΣSFR([CII℄) ΣSFR(Hα) MHIa Mmolb Σgasc ΣSFR(gas)d
kp
2 10−3 M⊙ yr−1 kp−2 10−3 M⊙ yr−1 kp−2 108 M⊙ 108 M⊙ M⊙ p−2 10−3 M⊙ yr−1 kp−2
East
TDGC E1,E4 7.09 4.5(0.2) 1.1(0.1) 0.4 2.6f 44 51
HI-N E3 11.8 < 0.3 0.27(0.04) 5.2 2.6f 82 119
HI-M E2 7.09 2.5(0.3) 0.22(0.05) 3.1 3.69(0.09) 112 184
HI-S E0,E555 23.6 2.9(0.1) 0.42(0.03) 8.1 3.8f 62 82
E Tail 3000 0.04 0.01 17 8.6 1.1 0.3
West
HI-N 8.6 < 0.03 0.73 < 0.086e < 12.5 < 9
HI-M W235 14.7 < 1.1 1.0(0.2) 1.15 < 0.22 < 9.1 < 5
HI-S 19.3 < 0.02 1.16 < 1.5f < 10.1 < 6
W Tail 2300 0.009 19 < 1.8 < 1.6 < 0.5
a
Smith (1994), orreted for distane
b
Mmol inferred from CO observations
c
Inludes helium (Mgas = 1.36(MHI +MH2))
d
From Kenniutt (1998b), Σgas inludes only HI and H2
e
Braine et al. (2001), orreted for distane
f
Smith et al. (1999), orreted for distane, TDGC and E-HI-N use Far-Far-East pointing while and E-HI-S uses South-Far-
Far-East pointing.
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luminosities. If more than one HII region resides in a box, I sum the luminosities of
the regions. The total Hα luminosity for eah region is presented in Table 3.3.6.3. I
nd that TDGC now has the highest L
Hα in the Eastern tail, however, the Western
tail HII region remains the brightest. The magenta boxes in Figure 3.1 show the
loation of these four areas in the Eastern tail.
3.3.6.2 Cold Moleular Gas - CO
Smith et al. (1999) used the Kitt Peak 12 meter to look for CO(1-0) in NGC 2782.
They used a grid pattern with 25
′′
spaing and detet CO in 5 out of 6 pointings in
the Eastern tail region. These loations are shown as asterisks in Figure 3.5. Only 2
pointings (Far-Far-East and South-Far-Far-East) are loated in the same region as
the Hershel PACS observations. To orrelate the Hershel PACS observations more
aurately with moleular observations, I made new observations with the Kitt Peak
12 meter at the same loation. The Eastern tail loation was deteted at a lower
signal-to-noise (about 4σ, see Figure 3.7) than previous observations, but has the
same veloity as the areas observed in the Eastern tail by Smith et al. (1999).
Assuming the soure lls the beam (a oupling eieny of ηc = 0.64) and a Milky
Way XCO, the moleular mass observed at the same loation as the Hershel PACS
observations is Mmol = 3.69± 0.09× 108 M⊙. In the Western tail, Smith et al.
(1999) looked for CO at two loations, the northern and southern HI lumps, but
did not detet any CO(1-0) emission. The HII region in the Western tail Knierman
et al. (2012) is loated ∼ 20′′ away from the loation where Smith et al. (1999)
searhed for CO(1-0), so I made deeper observations at this loation. The Western
tail loation, oinident with the Hα soure (Knierman et al., 2012), remains
undeteted in CO(1-0) with an upper limit of Mmol < 0.22× 108 M⊙. Braine et al.
(2001) reobserved the northern lump with IRAM, but still did not detet CO.
Table 3.3.6 lists the moleular gas mass or upper limits from these pointings.
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The use of the standard Milky Way XCO is not without preedene for tidal
debris regions even though major merger TDGs have been observed to have
∼ 0.3Z⊙ sine they are pulled from the outer regions of spiral galaxies (Du et al.,
2000). The previous observations of the tidal debris of NGC 2782 by Smith et al.
(1999) use the Milky Way onversion fator for ease of omparison with other
observations. In Boquien et al. (2011) and Walter, Martin, & Ott (2006), the
standard Milky Way CO to H2 onversion fator (XCO = 2× 1020 m−2 (K km
s
−1
)
−1
or (αCO1−0 = 4.3 M⊙(K km s−1 p2)−1 ) was used. However, as mentioned in
Knierman et al. (2012), XCO has a strong dependene at low metalliities (Leroy
et al., 2011; Genzel et al., 2011). At a metalliity of 0.3Z⊙ (or µ0 = 8.19), the
onversion fator is αCO1−0 = 27.5 M⊙(K km s−1 p2)−1 and gives a fator of 6
higher moleular mass limit (Mmol ≤ 1.2× 108 M⊙) than that from the standard
onversion fator (Mmol ≤ 2× 107 M⊙).
3.3.6.3 Hershel/PACS observations of [CII℄
Observations of [CII℄ with Hershel/PACS show two major peaks in the Eastern tail
(Figure 3.5), but no detetion in the Western tail. The peaks in the Eastern tail
orrespond with the two strongest Hα soures, E0 and E1. The northern peak in
[CII℄ (TDGC) is near E1 (the loation indiated for the TDGC (Yoshida et al.,
1994)) and E4. The southern peak (E-HI-S) is near the brightest Hα soure, E0,
and the HI peak in the Eastern tail. A seondary peak of [CII℄ in this area is near
the Hα soure E555-B. The loations where spetra were extrated are indiated in
Figure 3.5 with the spetra shown in Figure 3.6. As above, the extrated spetra
were summed, multiplied by the bandwidth (745.96 MHz) and the ux orretion
fator for a single pixel (2.0), and onverted to gs units by the onversion fator of
10−23 erg s−1 m−2. I multiply the ux by 4πD2 to alulate the luminosity. To
alulate I
[CII℄
, I divide the ux by the irular beam size of 12
′
. For eah loation,
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Table 3.3.6.3 lists the loation, oordinates, luminosity of [CII℄, luminosity of Hα,
ICO from this work or for the nearest loation observed by Smith et al. (1999),
I
[CII℄
/ICO, the SFR from [CII℄ alulated using the relation from Boselli et al.
(2002), and SFR from Hα using Kenniutt (1998b). Inluded in the table are limits
for the regions with no strong detetions.
The southern soure, E-HI-S, is 1.1 times brighter than the TDGC soure
and has a luminosity of 15.1± 0.6× 1038erg s−1. E-HI-S is similar in brightness to
its neighbor, B, though some of the [CII℄ ux near B ould be o the array. So this
observation may be a lower limit. I extrat a spetrum at the loation of the Hα
soure, E2-C or E-HI-mid, even though no peak is observed in the line intensity
map. Sine there is [CII℄ emission there at a level of 4-5σ, I detet a line with
luminosity less than half the value of E-HI-S. I also extrat a spetrum near the
loation of the northeast Hα soure, E3/E-HI-N, where there is no [CII℄ emission
deteted. The Western tail has an upper limit of < 0.6× 1038erg s−1.
To alulate the SFR from [CII℄, I need to orret the line luminosity to
aount for ontamination from the warm ionized medium. Boselli et al. (2002) ite
that 2/3 of the [CII℄ ux omes from the neutral medium based on theoretial
preditions. Based on models of HII regions, Mookerjea et al. (2011) use 70% of the
[CII℄ from the neutral medium for their alulations whih is onsistent with their
non-detetion of the [NII℄ 205µm line from BCLMP 302 in M33. The rst
observational determination of the fration of [CII℄ ux from the neutral medium is
from Oberst et al. (2006). They use the rst detetion of the [NII℄ 205µm line and
show that 27% of the [CII℄ line ux should ome from the warm ionized medium,
leaving 73% of [CII℄ to ome from the neutral medium. While the tidal tails of NGC
2782 may be dierent from the Carina nebula observed by Oberst et al. (2006), I
adopt the Oberst et al. (2006) value for our determination of SFR from [CII℄
emission due to the pauity of observations of the [NII℄ 205µm line. To alulate
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SFR from [CII℄, I multiply the [CII℄ ux by 0.73 (Oberst et al., 2006) and use Eq. 3
from Boselli et al. (2002) who observe nearby late-type galaxies in Hα and [CII℄.
3.4 Disussion
Based on the observations desribed above, I nd both tidal tails of NGC 2782 host
young star forming regions that formed within the tidal tail. The Eastern tail has
more luminous star lusters whih are hosted in larger star luster omplexes
whereas the Western tail has only isolated star lusters. Therefore, pakaging of star
formation is dierent between the tails. The Eastern tail also has CO and [CII℄
emission, whereas the Western tail has non-detetions. The HII region in the
Western tail is more luminous than any single HII region in the Eastern tail, so the
dierene between the tails is not simply that the Western tail is forming stars at a
lower level than the Eastern tail. To determine what might be ausing these
dierenes between two tidal tails of the same system, I ompare the following
properties: ambient pressure, gas phase, amount of gas, and eieny of star
formation.
3.4.1 Ambient Pressure
The dierene in star formation modes between the tails ould be due to a diering
initial distribution of star luster masses. Dierenes in luster initial mass funtion
(CIMF) are diult to determine sine it is hard to nd young star luster
populations that have not experiened signiant evolution. A few studies have
attempted determining the CIMF (Portegies Zwart, MMillan, & Gieles, 2010). The
CIMF is generally desribed like a Shehter distribution
dN
dM
= AM−βexp(−M/M∗) (3.3)
with β ∼ 2 and M∗ indiating the mass at whih the hange in the slope of
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Table 3.9: [CII℄ and Hα Observations of Regions in Eastern and Western Tails
Loation HαID RA De L[CII] LHα ICO I[CII]/ICO
a
SFR([CII℄)
a
SFR(Hα)b
1038 erg s−1 1038 erg s−1 K km s−1 M⊙yr
−1
M⊙yr
−1
East
TDGC E1,E4 9:14:10.92 +40:06:48.8 13.4(0.6) 10(1.2) 0.39(0.06)
a
2950 0.032(0.001) 0.008(0.001)
E-HI-N E3 9:14:12.46 +40:06:50.6 <0.9 4.1(0.6) 0.39(0.06)c <190 <0.004 0.0032(0.0005)
E-HI-M E2 9:14:11.46 +40:06:35.6 6.3(0.7) 2.0(0.4) 0.43(0.05) 1840 0.0170(0.005) 0.0016(0.0003)
E-HI-S E0 9:14:11.26 +40:06:20.6 15.1(0.6) 6.7(0.9) 0.57(0.08)
c
4860 0.0347(0.001) 0.0053(0.0007)
E-HI-S-B E555 9:14:10.66 +40:06:26.6 >14.1(0.7)d 6.0(0.9) 0.57(0.08)c 4520 >0.033(0.002) 0.0047(0.0007)
Total
e
all 9:14:10.63 +40:06:41.6 77(2) 29(2) 0.43(0.05) > 1148 0.125(0.003) 0.023(0.002)
West
W-HI-M W235 9:13:51.2 +40:08:07 <5.6 19(3) <0.02 <35200 <0.02 0.015(0.002)
a
1 K km s
−1 = 1.6× 10−9 erg s−1 m−2 sr−1 (Staey et al., 1991)
b
Using equation from Boselli et al. (2002) (d) Using equation from Kenniutt (1998b)
c
Smith et al. (1999)
d
Lower limit sine soure is at the edge of the array.
e
Total of the area of the Hershel/PACS spetral observations.
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the mass funtion ours. For spiral galaxies like the Milky Way, M∗ ∼ 2× 105 M⊙,
but interating galaxies like the Antennae show M∗ > 106 M⊙ (Portegies Zwart,
MMillan, & Gieles, 2010). Therefore, the environment where star luster formation
ours seems to aet the CIMF and, in partiular, the value of M∗.
This possible dierene in CIMF between the tails might be due to the
dierene in the spatial arrangement of moleular gas. Forming stars tend to destroy
their parent moleular environment, leaving behind lumpy remnants of moleular
material. Beam dilution may render the CO unobservable even with moderate
resolution (< 1′) like the CO observations of the HI peaks in the Western tail Smith
et al. (1999) and Braine et al. (2001). With the onentration of moleular gas in
small lumps, the tail may have produed orrespondingly lower mass star lusters.
A seond possibility for the dierene in CIMF ould be due to a lower
metalliity. With a lower metalliity there would be less arbon and oxygen to make
CO so I may not detet it. However, why a lower metalliity environment would
make lower mass lusters is an open question.
A third possibility for the dierene in CIMF between the tails ould be due
to the environment. The ambient pressure in the Western tail ould be lower than
in the Eastern tail whih would lower the star formation rate (Blitz & Rosolowsky,
2006), possibly making lower mass star lusters. Even for solar metalliities, when
the ambient pressure is low, CO will form deeper within the dense star forming
loud.
I examine the third possibility next. The loations and masses of GMCs are
likely to be regulated by the struture of the HI from whih the GMC formed,
partiularly in galaxies whih are dominated by atomi gas (Blitz & Rosolowsky,
2006). In partiular, M33 shows this orrelation between its GMCs and peaks in the
HI gas (Rosolowsky et al., 2007).
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While Braine et al. (2001) stated that the lak of CO down to sensitive limits
at plaes of high olumn density HI indiated that the Western tail is not
gravitationally bound and so the gas has not ollapsed to form H2 and hene new
stars, the observations presented here show that new star lusters are being formed
in the tail. Based upon HI peaks in the Western tail of NGC 2782, GMCs are
expeted to be at those loations. The largest size of the moleular loud that one
would expet to be assoiated with the HI lump an be estimated using the
formulation for Mchar of Elmegreen, Kaufman, & Thomasson (1993):
Mchar = πlmincg
√
µ
2G
(3.4)
where cg is the veloity dispersion of the gas in 3-D, µ is the mass per unit
length of the loud (M/lmax), and lmin and lmax are the minor and major axes of the
HI loud. This equation gives the harateristi mass of a superloud using the
size, mass, and veloity dispersion of the HI lump. This superloud is the overall
entity whih beomes self-gravitating and the GMCs ollapse to form inside this
superloud by turbulent fragmentation.
Table 3.4.1 has the MHI , veloity dispersion, size and resulting Mchar for 3
HI lumps in the Eastern tail and 3 HI lumps in the Western tail. Smith (1994)
measured 10 HI lumps in the Western tail, but the 3 presented here are ones with
star luster andidates at that loation. The Mchar for the Eastern Tail lumps
ranges from 9.5− 18× 108 M⊙while the Western tail is slightly smaller with a range
from 6.6− 11× 108 M⊙.
While Mchar does not predit an exat mass for a GMC, this does indiate
that similar masses of GMCs are expeted in both the Eastern and Western tails.
However, no moleular gas was observed in the Western tail down to a limit two
orders of magnitude below Mchar. A massive HI lump in the NW tidal tail of NGC
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Table 3.10: Charateristi Sizes of HI Clumps in the Tidal Tails of NGC 2782
Loation σv
a lmin lmax MHI
a Mchar Observed Mmol
(km/s) (kp) (kp) (108M⊙) (108M⊙) (108M⊙)
E-HI-N 30 2.96 2.96 3.85 15.3 2.6(0.5)b
E-HI-M 40 1.78 2.96 2.31 9.50 3.69(0.09)
E-HI-S 40 2.96 5.92 6.02 18.1 3.8(0.5)b
W-HI-N 49 2.10 3.05 0.54 6.56 < 0.086c
W-HI-M 35 5.67 7.56 1.00 10.9 < 0.22
W-HI-S 30 3.78 3.78 0.86 8.19 < 1.5b
N7252 TDG 31 5.00 5.00 10 33.2 0.2
a
(Smith, 1994; Smith et al., 1999)
b
(Smith et al., 1999)
c
(Braine et al., 2001)
7252 has Mchar ∼ 3.3× 109 M⊙. This lump, as shown in Table 3.4.1, has more HI
than those in NGC 2782 and moleular gas of 2× 107 M⊙.
That the Western tail laks moleular gas at the loations of high HI olumn
density ould be due to either its absene or its inobservability. In the less dense
region of the Western tail, even a small amount of star formation ould have
destroyed the moleular gas there. The Eastern tail is more dense and so its
moleular gas would not be destroyed as easily. If the moleular gas is not entirely
destroyed by the radiation of young stars, it ould exist instead in smaller louds
whih would be greatly aeted by beam dilution with single dish telesopes (beam
sizes of 22
′′
to 1
′
).
3.4.2 Gas Phase
I examine whether the lak of massive star lusters and star luster omplexes in the
Western tail is related to the properties of the ISM in the tidal tail. To do this, I
look at various traers of the reservoir of gas available for star formation in both
tails on both loal and global sales. I rst ompare neutral hydrogen gas to
moleular gas traed by CO emission. Then I ompare neutral hydrogen to ionized
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gas traed by [CII℄ emission. Finally, I ompare moleular gas traed by CO
emission to ionized gas traed by [CII℄ emission.
Comparing the CO and HI mass ratio, I nd the highest to be TDGC
(MH2/MHI = 6) the other three regions have ratios of 0.5, 1, and 0.5 for the north,
mid, and south regions, respetively. In the Western tail, I nd MH2/MHI < 0.2.
This indiates that there is less CO in the Western tail for the HI mass as ompared
to the Eastern tail on loal sales.
I next ompare the [CII℄ to HI. In Figure 16 of Staey et al. (1991), they
plot the expeted [CII℄ line ux for given HI olumn densities for various phases of
the ISM in the innite temperature limit. The galaxies of their sample lie about 2
dex above the lines for standard HI louds and the interloud medium. In diret
omparison to their galaxies and Galati HII regions, the loal regions in the
Eastern and Western tail of NGC 2782 are deient in [CII℄ by about 2 dex. The
Eastern tail has an average HI olumn density of 6× 1020 m−2, with a peak of
1.75× 1021 m−2 in the E-HI-S region. For a standard HI loud (nH ∼ 30 m−3),
the peak olumn density in the Eastern tail predits I
[CII℄
∼ 5× 10−6 erg s−1 m−2
sr
−1
whih is a fator of 1.6 larger than that observed in E-HI-S. If I onsider the
average HI olumn density for the Eastern tail, then I
[CII℄
∼ 2× 10−6 erg s−1 m−2
sr
−1
whih is similar to the values observed for the Eastern tail. In the Western tail,
the HI olumn density is ∼ 1× 1021 m−2 and the predited value for I
[CII℄
is a few
times the observed upper limit for [CII℄.
To diretly ompare [CII℄ to CO, I determine the ratio of their intensities.
Our values for I
[CII℄
are alulated by dividing the ux of [CII℄ by the beam size (a
HPBW of 12
′′
). As shown in Table 3.3.6.3, I observe the I
[CII℄
/ICO ratio to range
from 1840-4860 for those where both [CII℄ and CO are deteted. This is at the lower
end of the values for most of the normal and starburst galaxies observed Staey
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et al. (1991) and aligns more with the values for Galati HII regions and moleular
louds. Staey et al. (1991) found that there was a onstant ratio between [CII℄ and
CO uxes for starburst and Galati OB star forming regions (I
[CII℄
/ICO = 6300).
The ratio for TDGC is 2950 and the ratio for E-HI-S is 4860. These values are a few
times lower than the onstant ratio. The limit for the Western tail gives a
I
[CII℄
/ICO > 35200. Staey et al. (1991) nds the ratio to be lower for non-OB star
forming regions in the Milky Way and normal galaxies with lower dust temperatures
and those ratios range from 4400 to as low as 900 whih math with our
observations in the Eastern tail. Our limit in the Western tail is larger than the
onstant ratio from Staey et al. (1991) and is more similar to their value for 30 Dor
in the LMC (I
[CII℄
/ICO = 40, 000) whih is also an area of lower metalliity than
most of their other observed regions. If I ompare to the more reent observations of
area of the HII region BCLMP 302 in M33 Mookerjea et al. (2011), I nd our values
align to their range of ratios from 1000− 70, 000 shown in Figure 12 of their
erratum. For the HII region BCLMP 302 itself, the values of I
[CII℄
/ICO range from
6000− 30, 000 whih are higher than our ratios for the Eastern tail, but have an
upper end similar to the limit for the Western tail HII region. The HII region
BCLMP 302 in M33 has a L
Hα = 2.2× 1038 erg s−1 whih is similar to the HII
regions in the Eastern tail. However, the [CII℄ intensity in BCLMP 302 is 28 times
lower in the Eastern tail and 84 times lower than the Western tail limit.
There may be a mismath between the CO observations and the [CII℄ peaks
from the dierent beam sizes of the two instruments. PACS spetrometer has a
beam with half power beam width (HPBW) of 12
′′
at 159µm while the CO data are
from the Kitt Peak 12 meter whih has a beam with FWHM of 55
′′
. I instead
extrat [CII℄ spetra from the PACS array by summing the ux from the whole
array to better math the CO beam and by dividing the ux by the area of the
array (47′′ × 47′′). This is indiated in Table 3.3.6.3 as Total. Even with summing
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the ux from the whole PACS array, the CO observations still have a larger beam
size whih means I have a lower limit on the ratio of I
[CII℄
/ICO > 1148.
In either ase, it appears that the Eastern tail has a deieny of [CII℄ sine
the I
[CII℄
/ICO ratio is on the low end of regions previously observed. And given that
this is among the rst tidal tail region to be observed in [CII℄, having a lower value
for I
[CII℄
/ICO may not be surprising.
3.4.2.1 Non-detetion of [CII℄ in the Western tail
Given the non-detetion of CO in the Western tail, I might expet the moleular gas
to be in another form. CO does not form until and AV of 3 or more, while H2 forms
at AV of less than 1 (Hollenbah & Tielens, 1997). In a low pressure environment
like a tidal tail a substantial amount of moleular gas an exist with onditions that
do not favor the formation of CO, so the CO to H2 onversion fator is not a
onstant. In the low gas density environment of tidal debris a substantial reservoir
of moleular gas an exist at low AV that will not be detetable through CO.
However, in this regime, [CII℄ will be present in higher amounts. Theoretial models
for moleular louds in Wolre, Hollenbah, & MKee (2010) show that the fration
of moleular mass in the dark gas (H2 and [CII℄) is f ∼ 0.3 for typial galati
moleular louds. For lower AV and lower metalliities (as in these tidal tail
regions), the fration of dark mass in H2 inreases. Given this reason, I observed the
Western tail with Hershel to see if [CII℄ was present where CO was not.
I do not nd [CII℄ in the Western tail at the loation of the HII region at a
signiant level. This HII region has a higher Hα luminosity than any individual
HII region in the Eastern tail, but [CII℄ emission is only deteted in the Eastern
tail. Given that Hα and [CII℄ emission ultimately originate from the same soures
of hard UV photons with energy greater than 13.8 eV, they are expeted to trae
eah other. In BCLMP 302 in M33, Mookerjea et al. (2011) nd [CII℄ emission 84
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times greater than the Western tail limit, even though it has an Hα luminosity 9
times less than the Western tail.
If arbon was not available to be ionized, the most likely plae for it to be is
in CO. However, the Western tail has no deteted CO at this loation. From the
alulations of the harateristi mass in Setion 4.2 of the paper, I expet the
largest size of the moleular loud mass to be ∼ 1× 109 M⊙, but the upper limit for
this region is 0.2× 108 M⊙. (in the Eastern tail, Mchar is ∼ 3− 5 times the observed
value of Mmol, so the fator of 54 between Mchar and the upper limit on moleular
mass in the Western tail is signiant). The lak of [CII℄ and CO emission would
then indiate that this HII region is likely to have a low arbon abundane.
However, previous emission line spetra of this HII region (Torres-Flores et al.,
2012; Werk et al., 2011) from Gemini have shown that it has a metalliity greater
than solar. This seems to be at odds with the non-deetions of [CII℄ and CO in the
Western tail. However, Torres-Flores et al. (2012) use nebular oxygen emission for
their metalliity determination. It is possible for this to be ompatible with a low
arbon abundane and a very low C/O ratio. Oxygen is the most ommon element
produed in ore ollapse supernovae events whereas arbon is produed in
relatively small amounts. The soure of most arbon in the ISM is AGB stars. If
this material has been primarily enrihed by reent star formation, it is possible to
build up a high abundane of oxygen and alpha elements without produing a
signiant enhanement of arbon and also iron. The age of the Western tail is
about 200-300 Myr and so in situ star formation in the tail is unlikely to have
synthesized large quantities of arbon (Arnett, 1996).
Also, moleular gas may have been dissoiated by a high UV ux in this
region, assoiated with the most massive stars in the star luster. FUV-NUV olor
from GALEX observations by Torres-Flores et al. (2012) show that this region show
a FUV-NUV olor of -0.14 mag. For a simple Salpeter IMF of dN/dM = cM−(1+x)
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with x=1.35, a 105.35 M⊙luster ontains 1660 stars of 8 M⊙ or greater. Even for an
extreme value of x=2.35, there are still 40 stars of 8 or more M⊙. This provides
suient UV ux to photodissoiate H2 out to several hundred parses, omparable
to the size of the Orion Moleular Cloud Complex. It is therefore unlikely that
moleular gas has long lifetimes unless present at high densities, as in the Eastern
tail of NGC 2782.
3.4.3 Star Formation in Tidal Debris
To onsider whether the dierene in star formation modes between the two tails is
due to the amount of gas present for star formation, in eah tail I alulate the star
formation rates per unit area from the Hα luminosity and also from [CII℄
luminosities and ompare these to the predited SFR from the gas surfae density.
This is done for global values of the tidal tails as well as loally over HI lumps in
both tails.
3.4.3.1 Star Formation on Global Sales
Using the entire tail areas as alulated above, I nd the SFR and SFR per area
(ΣSFR) for both tails. In Table 3.3.6, the global properties of ΣSFR from [CII℄, from
the Hα luminosity, and the total gas surfae density (inluding both HI and
moleular gas) are listed for eah tail. For this alulation I use the L
Hα from Smith
et al. (1999) sine they deteted fainter Hα emission than these observations. In the
Eastern tail the ΣSFR(Hα) is an order of magnitude below the expeted value of
ΣSFR(gas). In the Western tail, ΣSFR(Hα) is two orders of magnitude below the
expeted value from the gas density.
Using the summed ux over the entire PACS spetrosopy array, as
desribed above and equation for SFR from [CII℄ in Boselli et al. (2002), I alulate
the Global SFR ([CII℄) for the Eastern tail to be 0.125 M⊙ yr
−1
. If I assume that
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the ux deteted by the PACS pointing is the entirety of the [CII℄ in the Eastern
tail, ΣSFR = 4× 10−5 M⊙ yr−1 kp−2. This value is 4 times larger than the value
from ΣSFR(Hα), but still 8 times less than the expeted value from the gas density.
However, Boselli et al. (2002) nd that the dispersion in their SFR orrelation ∼ 10.
So a fator of 4 dierene is within the satter. They do say that [CII℄ line
luminosity an be taken as a star formation indiator for normal late-type galaxies
(8.0 < logLFIR < 10.5), but may be not appliable to ULIRGs. The NGC 2782
galaxy itself is a LIRG with an IRAS luminosity of 1.6× 1044 erg s−1 whih is at the
high end of this range. However, I study the tidal tails whih would have lower FIR
emission than the entral regions of the merger. Whether to use [CII℄ as a diret
indiator for star formation is a matter of some debate, however, there have been
reent alibrations of the SFR from [CII℄ for dierent regimes suh as starbursts
(De Looze et al. , 2011) and HII regions in M33 (Mookerjea et al., 2011).
The global ΣSFR(Hα) alulated for these tidal tails is two to three orders of
magnitude lower than those found in spiral galaxies as well as dwarf galaxies.
Kenniutt (1998b) nd that −3.3 < log(ΣSFR) < −0.8 in 61 normal spiral galaxies.
The Milky Way galaxy has ΣSFR = 3.6× 10−3 M⊙ yr−1 kp−2 (Naab & Ostriker,
2006). The LMC has a global star formation rate of 0.4 M⊙ yr
−1
whih gives
ΣSFR = 1.5× 10−3 M⊙ yr−1 kp−2. The SMC has a global star formation rate of
0.05 M⊙ yr
−1
whih gives ΣSFR = 1.9× 10−4 M⊙ yr−1 kp−2 (Wilke et al., 2004).
The ΣSFR(gas) is similar in magnitude to values in the LMC and SMC. The
Magellani Stream is a very nearby example of a gas tail of presumably tidal origin
that has no star formation assoiated with it. Putman et al. (2003) measured the
total HI gas mass in the Stream to be 2.1× 108 M⊙. Converting the angular size of
the Stream (100◦ × 10◦) using a distane of 55 kp (Putman et al., 2003), I infer a
size of the Magellani Stream to be 940.9 kp
2
. Using the resulting gas density of
ΣHI = 2.2× 105 M⊙ kp−2, the Magellani Stream has an expeted
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ΣSFR = 3× 10−5 M⊙ yr−1 kp−2 whih is two orders of magnitude lower than that
alulated for the Western tidal tail of NGC 2782 and four orders of magnitude
lower than the Eastern tail.
The dierene between the ΣSFR values alulated from the Hα ux and
that predited from the gas density may indiate a lower star formation eieny
(Knierman et al., 2012). However, the Hα SFR is a lower limit sine it only traes
massive star formation in the last 5 Myr. Also, the Hα emission may depend on the
masses of the star lusters formed. If the tails only formed lower mass star lusters
where few high mass stars reside, similar to the Taurus-Auriga region (Kenyon
et al., 2008), there would be young, blue star lusters but a lak of widespread Hα
emission. The Western tail has only one small in size HII region, but several other
blue star luster andidates. Galaxy Evolution Explorer (GALEX) All-sky Imaging
Survey (AIS; Morrissey et al., 2007) images show faint UV emission along the
Western tail, indiating a young stellar population, probably dominated by B and A
stars (Knierman et al., 2012; Torres-Flores et al., 2012). In addition, the emission is
onentrated only in spei areas in both tails rather than being spread over the
tail region. This may indiate that global star formation rates from Hα or [CII℄ are
not an aurate assessment of the total star formation in the tails.
3.4.3.2 Star Formation on Loal Sales
I also examine the star formation on loal sales in both tails using Hα and [CII℄.
Table 3.3.6.3 shows the SFR from Hα for these massive HI lumps using Kenniutt
(1998b) whih range from 0.0016-0.008 M⊙ yr
−1
in the Eastern tail and 0.015 M⊙
yr
−1
for the Western tail soure. The Western tail soure has a fator of 2-3 higher
SFR than TDGC and E-HI-S the two most luminous Hα soures in the Eastern tail.
Using the [CII℄ luminosity and the equation for SFR from Boselli et al. (2002), the
range of SFR in the Eastern tail is 0.017-0.035 M⊙ yr
−1
and < 0.02 M⊙ yr−1 in the
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Western tail. The SFR is a fator of 7 larger from [CII℄ than from Hα for E-HI-S
the most luminous [CII℄ soure in the Eastern tail while for TDGC, SFR([CII℄)= 4
SFR(Hα). I expet a lower SFR(Hα) than SFR([CII℄) sine Hα is aeted by
extintion and also only traes the most reent star formation. However, in the
Western tail the HII soure has SFR(Hα) similar to the upper limit for the
SFR([CII℄). Sine the Eastern tail shows a higher SFR([CII℄) than SFR(Hα), the at
most equal values in the Western tail, but likely lower SFR([CII℄) indiates that
perhaps something is happening in the Western tail to suppress [CII℄ emission.
These omparisons may be aeted by diering areas, so I alulate the SFR
per area (ΣSFR) to ompare regions. The loal values for SFR per area from Hα are
2− 11× 10−4 M⊙ yr−1 kp−2 for the regions in the Eastern tail. The TDGC region
has a similar ΣSFR to the Western tail Hα region (ΣSFR = 1× 10−3 M⊙ yr−1
kp
−2
). The remainder of the Eastern tail soures are 2-4 times lower than the
Western tail soure. This seems to indiate loal star formation as indiated by Hα
is ouring at similar levels in eah tail. The ΣSFR([CII℄) in the Eastern tail ranges
from 2.5− 4.5× 10−3 M⊙ yr−1 kp−2 and in the Western Tail is < 1.1× 10−3 M⊙
yr
−1
kp
−2
. The TDGC region has the highest ΣSFR([CII℄) at 2 times the other two
deteted regions and this region is 4 times larger than the limit in the Western tail.
Using the total gas surfae density, I nd even higher expeted star
formation rates. In the Eastern tail, I expet ΣSFR of 0.05-0.18 M⊙ yr−1 kp−2. Due
to the non-detetion of CO in the Western tail, the star formation rates from the
gas density are upper limits. Even so, these upper limits are lower than the Eastern
tail by a fator of 10-40 (ΣSFR(gas) < 0.005− 0.009 M⊙ yr−1 kp−2).
In summary, on loal sales, I nd the Western tail HII region has the
highest SFR using Hα as a traer, but has a low SFR using its upper limit in [CII℄.
This indiates that [CII℄ is suppressed relative to Hα in the Western tail.
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Normalized to area, I nd similar SFR per unit area in both tails using Hα as a
traer. This seems to indiate that star formation is ourring loally at similar
rates in both tails. The expeted SFR per area from the loal gas density is higher
than that observed by both Hα and [CII℄ indiating that there may be a lower SFE
at the loal level in both tails as well. Comparing the tails, the expeted loal SFR
surfae density from the observed loal gas density is 14-40 times higher in the
Eastern tail than in the Western tail. This indiates that there is a larger gas
reservoir for star formation in the Eastern tail at least on loal sales.
3.4.4 Star Formation Eieny
Having alulated the SFR for eah region, I now examine the star formation
eieny (SFE) for these loal regions. Boquien et al. (2011) use multiwavelength
data of major merger Arp 158 to study the loal Kenniutt-Shmidt law. They nd
that star forming regions in the tidal debris follow a dierent Kenniutt-Shmidt law
than those in the entral regions of the merger, falling along a line of similar slope
to Daddi et al. (2010), but oset so that the same gas density gives lower values of
SFR. As disussed in Knierman et al. (2012), W235 is onsistent with the other star
forming regions in the tidal debris of Arp 158 indiating a lower SFE than in the
entral region of Arp 158. If I ompare the Eastern tail star forming regions to the
tidal debris of Arp 158, I nd that for their given total gas surfae density, their star
formation rates from Hα lie more than 2 dex below the relation for the tidal debris
of Arp 158 indiating a substantially lower SFE in the Eastern tail.
I alulate the gas depletion timesales (τdep) or the amount to time it would
take for the urrent SFR to deplete the gas (either moleular or atomi). The SFE
is the inverse of the gas depletion time. Table 3.4.4 lists region, depletion timesale
of moleular gas mass vs. SFR from Hα (τdep,H2 =Mmol/SFRHα), depletion
timesale of neutral gas mass vs. SFR from Hα (τdep,HI =MHI/SFRHα), depletion
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timesale of moleular gas mass vs. SFR from [CII℄ (τdep,H2 =Mmol/SFR[CII℄), and
depletion timesale of neutral gas mass vs. SFR from [CII℄
(τdep,HI =MHI/SFR
[CII℄
)) for the loal and global regions in both tails.
The highest SFE (τdep,H2 < 1.5 Gyr) is in the Western tail HII region
onsidering the moleular gas limit and Hα SFR. This is omparable to the
moleular gas depletion timesales determined for the star forming regions in Arp
158 (τdep ∼ 0.5− 2 Gyr; Boquien et al., 2011) and in TDGs (τdep ∼ 0.8− 4 Gyr;
Braine et al., 2001). These ranges are also similar to the average gas depletion
timesales in spiral galaxies. If I use the value for the CO emission assumed in the
disussion of Torres-Flores et al. (2012) using an analog HII region in the tidal
debris near NGC 3077, I might expet it to have moleular mass of 1.5× 106 M⊙. If
I use this value for the moleular mass, τdep,H2 = 0.1 Gyr, making this region similar
to gas depletion timesales in dwarf galaxies (1 -100 Myr). If this moleular mass is
lose to the atual value, this would mean that this region is highly eient at
making stars.
Considering neutral gas and SFR from Hα, TDGC and W235
(τdep,HI = 5− 7.7 Gyr) are less eient than normal star forming regions. But these
areas are still more eient at star formation than outer regions of spiral galaxies at
r25 (τdep,HI ∼ 20 Gyr) or dwarf galaxies at r25 (τdep,HI ∼ 40 Gyr). Using the
moleular gas and Hα SFR, TDGC and E-HI-S have depletion timesales of 33 Gyr
and 38 Gyr similar to these less eient regions. Bigiel et al. (2010) nd very low
SFE (τdep,HI ∼ 100 Gyr) in the outer disks of spiral galaxies using FUV and HI
observations. Even less eient than outer disk regions is the E-HI-mid region.
Smith et al. (1999) also found low star formation eieny in the Eastern tail using
the ratio of L
Hα/MH2 . Overall, our results omparing SFR(Hα) and gas mass
indiate that on loal sales the Western tail is more eient at forming stars than
the Eastern tail.
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Considering moleular gas and SFR from [CII℄, the Western tail limit
remains with the highest SFE, however, both the gas mass and SFR([CII℄) are
upper limits. In the Eastern tail, E-HI-S has the highest SFE, but with a depletion
timesale of 5.6 Gyr is still less eient than normal star forming galaxies.
Considering the neutral gas, TDGC has the highest SFE (τdep,HI = 1.3 Gyr)
indiating eient star formation. Using [CII℄, the Western tail is also more
eient at star formation than most of the Eastern tail exept for TDGC
onsidering its HI mass.
Sine the CO observations were taken with a large beam, I examine the
Eastern tail on larger sales. Even if I onsider the total moleular and neutral
hydrogen for the entire Eastern tail, the SFE remains low (16-43 Gyr). For the
Western tail as a whole, I sum the limits from the three CO pointings and use the
total HI mass from Smith (1994). The Western tail has a low SFE onsidering the
moleular gas mass limits and the single HII region (< 12 Gyr), but is very
ineient onsidering the HI mass of the tail (133 Gyr). So on global sales, it
appears that the Western tail is less eient at forming stars.
On both global and loal sales, it appears the Western tail is more eient
at forming stars than the Eastern tail. The Western tail also laks high mass star
lusters and star luster omplexes whih are hosted in the Eastern tail. These two
points are not inonsistent. In the Eastern tail, star luster omplexes of higher
mass will form many more high mass stars than isolated lower mass star lusters in
the Western tail. These high mass stars provide feedbak and energy into the ISM
in the form of stellar winds and supernova. This feedbak an suppress further star
formation and have a lower SFE in the area. In addition, Smith et al. (1999)
suggest that the Eastern tail formed as a splash region (versus a tidal region of
merger debris) and may have inhibited star formation due to gas heating during the
enounter. A tidally formed region suh as the Western tail, would have
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Table 3.11: Comparison of Star Formation Eienies Between Eastern and Western
Tails
Loation τadep,H2,Hα τ
b
dep,HI,Hα τ
c
dep,H2,[CII]
τddep,HI,[CII]
(Gyr) (Gyr) (Gyr) (Gyr)
East
TDGC 33 5 8.2 1.3
HI-N 81 160 >70 >141
HI-M 232 200 21 18
HI-S 38 81 5.6 12
E Tail 16
e
43 2.7
e
7
West
HI-N <29e >240
HI-M <1.5 7.7 <1.4b >7.3
HI-S <53f >390
W Tail < 12 133 < 4f > 45
a τdep,H2,Hα =Mmol/SFR(Hα)
b τdep,HI,Hα =MHI/SFR(Hα)
c τdep,H2,[CII] =Mmol/SFR([CII℄)
d τdep,HI,[CII] =MHI/SFR([CII℄)
e
Using observations from this work.
f
Both gas mass and SFR are upper limits.
gravitational ompression and possibly enhaned star formation. Given the higher
SFE in the Western tail, this may be evidene for gravitational ompression in the
tidal tail.
3.5 Conlusions
Tidal tails provide laboratories for star formation under extreme onditions very
dierent from quiesent galaxy disks. With low gas pressures and densities and
smaller amounts of stable moleular gas they are perhaps on the edge of the
parameter spae open to star formation.
The two tails of NGC 2782 are an interesting plae to onsider in this
disussion. The Western tail is rih in HI gas, but CO is not observed in the
massive HI knots in the tail, leading Braine et al. (2001) to onlude that HI ...has
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presumably not had time to ondense into H2 and for star formation to begin. This
study nds that at least 10 star lusters have formed in the Western tail based on
the overdensity of bright, blue objets in the tail. The Western tail also hosts a
bright HII region whih was explored in Knierman et al. (2012) while 6 additional
young regions are found in FUV and NUV by Torres-Flores et al. (2012) and in Hα
by Werk et al. (2011). Clearly the lak of observable CO does not guarantee the
absene of reent star formation. It may play a role, however, in the properties of
star lusters forming therein sine the Western tail laks high mass star lusters and
star luster omplexes. The Eastern tail has a dense knot of HI and CO-rih gas at
its base. Based on the overdensity alulations, at least 14 young star lusters are
observed in this region of the tail. The Eastern tail also hosts several HII regions
(Smith et al., 1999), of whih I disover [CII℄ assoiated with ve of these regions.
In ontrast, the Western tail Hα soure shows only an upper limit on [CII℄ ontrary
to expetations based on its bright HII region and its HI olumn density.
I examined in turn the reasons for the dierenes between the two tails:
ambient pressure, gas phase, SFR, amount of gas available for star formation, and
eieny of star formation.
Ambient pressure: Based on the alulation for Mchar in loal regions in the
Western tail, I nd that the Mchar in the Eastern tail is only slightly larger than in
the Western tail. I surmise that the relatively small dierene between the predited
lump mass in the two tails indiates that the ambient pressure between the two
tails is not very dierent. However, there is a large dierene between Mchar and the
upper limit on moleular mass in the Western tail indiating that the Western tail is
deient in moleular mass (or at least, in CO).
Gas phase: I nd that the Western tail has muh less moleular gas mass
(traed by CO) for its neutral hydrogen mass than the Eastern tail. This indiates
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that CO may be suppressed in the Western tail. Both tails are lower in their [CII℄
intensity based on their HI as ompared to observations of nearby galaxies and
Galati regions. The Eastern tail HI regions are lose, but still below, the expeted
[CII℄ values for standard HI louds while the Western tail limit is a few times
below that. I also nd a lower I
[CII℄
/ICO in the Eastern tail than studies of nearby
star forming galaxies and Galati HII regions whih is in line with GMCs and
normal galaxies.
SFR: Using the entire tail area, I nd that the global SFR from Hα and from
[CII℄ are muh less than the SFR expeted from the gas surfae density suggesting
that both tails have low SFE. On loal sales, I nd the Western tail HII region has
the highest SFR from Hα, but has only an upper limit for SFR from [CII℄. This
indiates that [CII℄ emission is suppressed in the Western tail relative to Hα.
Normalized to their areas, I nd similar loal ΣSFR(Hα) in both tails indiating
that star formation is ourring similarly on the loal sale in both tails. For eah
loal region, the expeted SFR from the gas density is higher than from Hα or [CII℄
indiating lower SFE at the loal level as well. Comparing the two tails, the
expeted loal SFR density from the gas density in the Eastern tail is 14-40 times
higher than in the Western tail.
Gas Reservoirs for SF: I examined dierent traers for the reservoirs of gas
for star formation in these two tidal tails and found that these traers were not
onsistent. Both tails have abundant neutral hydrogen gas, but the Eastern tail has
more moleular gas (traed by CO) and ionized gas (traed by [CII℄). However, the
Western tail has a higher loal SFR and both tails have similar SFR per unit area,
indiating that star formation aording to Hα emission is similar in both tails. If I
use [CII℄ emission as a SFR traer, I nd that the Eastern tail has a higher SFR
than the Western tail. Looking at gas density, the Eastern tail has a higher total
gas surfae density than the Western tail. So I expet a higher SFR per area in the
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Eastern tail. That these traers are not onsistent between the tails indiates that
something dierent is going on between the tails. In the Western tail, the
non-detetions in CO and [CII℄ ompared to its HI and Hα may be due to its
inability to produe detetable CO or [CII℄ emission. This may be due to a
deieny in arbon even though it has a high oxygen abundane, beause the tail
material is going through its rst generation of stars and has not had enough time
to build up a higher arbon abundane.
SFE: By alulating the gas depletion timesales for moleular gas and
neutral hydrogen, I examine SFE in the tails. As disussed in Knierman et al.
(2012), the Western tail HII region has a normal SFE when onsidering its
moleular mass upper limit, but less eient star formation if I onsider its neutral
hydrogen mass. The Eastern tail regions have a low SFE, in some ases as low as
spiral or dwarf galaxies at r25. I suggest that the lower SFE in the Eastern tail may
be due to its more massive star lusters providing feedbak to prevent further star
formation. Also, the Eastern tail may have a lower SFE due to its formation
mehanism as a splash region where gas heating has a higher eet. The Western
tail has a higher SFE even though it has a lower loal gas surfae density than the
Eastern tail, possibly due to its tidal formation where gravitational ompression has
more of an eet and an inrease star formation.
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Chapter 4
STAR FORMATION IN THE TIDAL TAIL OF UGC 10214 (THE TADPOLE)
4.1 Introdution
The enters of galaxy mergers where high gas densities ause bursts of star
formation are well studied. However, a omparable mass of gas to that in the enter
an be in the tidal debris whih an fuel star formation in these less dense
environments. To help determine if star formation in tidal debris is related to gas
properties, I use the methods of Knierman et al. (2013) (hereafter K13) and apply
them to another merger system. In this ase, I examine UGC 10214 (The Tadpole)
whih is also known as Arp 188 and VV 29. The Tadpole is known for its distintive
shape whih results from the minor merger of a spiral galaxy with a dwarf galaxy.
The dwarf galaxy is still partially intat and an be seen to the west of the nuleus
in the HST/ACS optial image shown in Figure 4.1 (Tran et al., 2003) and as a
distint veloity feature in HI 21 m (Briggs et al., 2001). A long narrow tidal tail
extends to the east and is twie as long as the main spiral galaxy's long axis. This
partiular tidal tail is interesting due to the loation of its large star forming lump
in the enter of its tail. In major mergers, a large blue star forming lump is often
found at the end of the tidal tail. These lumps an be dwarf galaxy sized and an
earn the name Tidal Dwarf Galaxy (e.g., Knierman et al., 2003; Du et al., 2000;
Mullan et al., 2011). For this paper, I use a distane to the Tadpole of 134.2± 9.48
Mp (Mould et al., 2000).
This system has been studied in many wavelengths inluding 21 m (Briggs
et al., 2001), HST/ACS optial (Tran et al., 2003; de Grijs et al., 2003), and Spitzer
(Jarrett et al., 2006). Briggs et al. (2001) were searhing for evidene of a dark halo
olliding with the Tadpole, but instead disovered the normal dwarf ompanion
8
From NED, orreted for Virgo, Great Attrator, and Shapley.
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galaxy that now resides behind the western edge of the main spiral galaxy. They
also disover the tidal tail and the main spiral galaxy to be gas rih features. The
tidal tail ontains about one third of the total amount of gas in the system (Briggs
et al., 2001) whih is a normal result for a gas rih merger (e.g., Hibbard et al.,
1994). The ACS Early Release Observations of the Tadpole were taken in 2002 in
F475W, F606W, and F814W. These images were examined in detail by Tran et al.
(2003); de Grijs et al. (2003). Tran et al. (2003) found over 40 young star lusters in
the tidal tail with ages from 3-10 Myr. The most luminous star luster has
MV = −14.45 and a half light radius of 161 p indiating that it may be a SSC,
however, at the distane of the Tadpole, it may also be a superposition of several
star lusters or OB assoiations. This SSC has an age of ∼ 4− 5 Myr with a mass
of ∼ 6.6× 105M⊙ and is likely to be unbound and will not survive to beome a
globular luster. A long slit spetrum of the SSC was obtained with the Ehellette
Spetrograph and Imager on Kek II by Tran et al. (2003). This spetrum shows
strong, narrow emission lines and an observed Balmer derement of Hα/Hβ = 2.76,
indiating little to no reddening at the position of the SSC. de Grijs et al. (2003)
nd about 8 bright young star lusters in the tidal tail. They also examine the
Tadpole on a pixel by pixel basis that the area of the tidal tail is very blue and
orresponds to olors on the Western edge of the spiral galaxy. They also estimate
the dynamial age of the tail by omparing the length of the tail (∼ 110 kp) with a
typial veloity dispersion in spiral galaxies (150-300 km s
−1
) and estimate a
dynamial age for the tail of the Tadpole as tdyn ∼ 400− 800 Myr.
Jarrett et al. (2006) took advantage of the inlusion of the Tadpole in the
ELAIS N1 eld of the Spitzer Wide-Area Infrared Extragalati Survey (SWIRE)
and the multiwavelength data sets provided by this survey. They used ground-based
optial, near-infrared, and Spitzer Spae Telesope observations of the Tadpole to
examine the star formation in the main spiral and the tidal tail. Their optial data
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are images in Ug′r′i′ and optial spetrosopy of the nuleus and the SSC found
previously. The ground-based near-infrared observations were in J and Ks and the
Spitzer observations span from 2-70 µm. They nd an estimated mean SFR of
∼ 2− 4 M⊙ yr−1. The mid-IR emission in the main spiral is in a ring morphology
indiating that the Tadpole may be a ollisional ring system that also has a tidal
tail. While there is substantial star formation in the disk of the Tadpole, the
nuleus is dominated by older stars with little star formation. There are several
infrared-bright hot spots that have strong PAH emission in the disk outside the
nuleus. In the tidal tail, they study two bright lumps: the previously mentioned
SSC 1, also alled J160616.85+552640.6, studied in detail by Tran et al. (2003), and
the seondary lump SSC 2 further along the tail from the nuleus. The loations of
both lumps show strong 24 µm emission. The SSC 1 loation is the brighter one
and has an estimated SFR of ∼ 0.1− 0.4 M⊙ yr−1whih is about 10% or more of the
total star formation in the merger. They estimate the mass of the SSC to be
∼ (1.4− 1.6)× 106 M⊙ using g′ and Ks uxes using a mass to light ratio for young
lusters. Also, they quote a dynamial age of the Tadpole interation to be ∼ 150
Myr whih is signiantly less than that from de Grijs et al. (2003).
To determine the dynamial age of the Tadpole tidal tail for this paper, I
take the HI veloity dispersion for the main spiral from Briggs et al. (2001) whih is
half of the total width of the veloity spread in the main spiral (∼ 330 km s−1). I
measure the tail length to be 452 pixels whih equals 190
′′
and using the adopted
distane measurement of 134.2 Mp, gives a tail length of 123.5 kp. This gives a
dynamial age of 123.5 kp /330 km s−1= 370 Myr.
This paper examines SFR and SFE in loal regions of the tidal tail (∼ 10
kp) and in the tidal tail as a whole. Setion 2 outlines the new Hα, CO, and HI
observations and redutions. Results are presented in Setion 3. Setion 4 disusses
the impliations for star formation in tidal debris.
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Figure 4.1: UGC 10214 (The Tadpole) Hubble Spae Telesope Advaned Camera
for Surveys Early Release Observation 3 olor image produed from F475W, F606W,
and F814W images (Tran et al., 2003).
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4.2 Observations and Redutions
To examine star formation on loal sales of ∼ 10 kp and on global sales
enompassing the entire tidal tail of the Tadpole galaxy, ground based Hα images
were obtained. The resulting star formation rates are ompared with the amount of
gas available for star formation using CO and HI observations.
4.2.1 Hα Observations and Calibrations
Observations to obtain Hα images were taken with the Loral 2K CCD imager at the
Lennon 1.8m VATT on Mount Graham, Arizona on May 22, 2004. This imager has
a 6.4
′
eld of view with 0.42
′′
per pixel. Narrow-band Hα images were obtained at
the VATT with an 88 mm Andover 3-avity interferene lter entered at 6780 Å.
Integration times for the Hα images were 6× 1200 s. To subtrat ontinuum
emission, this eld was also observed with a Kron-Cousins R lter using integration
times of 3× 300 s. Images were redued using standard IRAF9 tasks.
To reate images with only the emission lines, a saled R band image was
subtrated from narrowband image after alignment using foreground stars. To
determine an initial saling fator, the ratio of integration time for individual frames
is multiplied by the ratio of lter widths. For this observation, the ratio of
integration times is 4 (1200/300) and the ratio of lter widths is
0.068 = 81Å/1186.35Å. This initial saling fator then equals 0.272. I next
determine the saling fator by performing photometry of non-saturated stars in the
Hα and R band images. By plotting the instrumental ux of both lters against
eah other (Figure 4.2), I determine a linear t of
f(Hαinst) = 0.256 ∗ f(Rinst) + 185.79. The slope of this t indiates the appropriate
9
IRAF is distributed by the National Optial Astronomy Observatory, whih is operated by the
Assoiation of Universities for Researh in Astronomy, In., under ooperative agreement with the
National Siene Foundation.
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saling fator between the R and Hα images while the y-interept indiates the
oset between the images. I adopt the saling fator from the ratio of stars in the
image. The R band and ontinuum subtrated Hα images are shown in Figure 4.3.
For alibration of the Hα ux, spetrophotometri standard stars from the
Oke (1990) atalog were observed. Aperture photometry of these standards was
ompared to their absolute magnitudes. Absolute magnitudes for eah
spetrophotometri standard star were alulated by integrating their spetral
energy distribution over the lter response funtion. A standard atmospheri
extintion oeient of 0.08 mag airmass
−1
was used (Lee, 2006). Zero points were
alulated by omparing the absolute magnitude in eah lter with the instrumental
magnitude from aperture photometry. For eah night, the zero points from all
standards (in this ase, 4) were averaged. These zero points had a standard
deviation of 0.016 mag.
I also need to remove ontamination from the [NII℄ doublet at λ6548,6583 in
the Hα lter. In addition, emission line ux from the R lter needs to be removed.
The total ux equation (Equation A13 in Lee (2006)) is:
ftot(Hα + [NII]) =
λ−210−0.4(ZP+2.397−κsec(z))FWHMNBCR(Hα + [NII])
[
TNB(λ)− TR(λ) tRtNB 1F
]−1
(4.1)
λ: redshifted wavelength of Hα
ZP : zero point
κ: atmospheri extintion oeient (I use 0.08 mag airmass−1)
FWHMNB: width of narrowband lter in Å
CR(Hα+ [NII]): ount rate in ontinuum subtrated image
TR: Transmission orretion in R. Calulated by an average of normalized
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transmissions at eah redshifted wavelength of Hα and [NII℄ lines, weighted by their
relative line uxes.
TNB: Transmission orretion for narrowband lter. Calulated by an
average of normalized transmissions at eah redshifted wavelength of Hα and [NII℄
lines, weighted by their relative line uxes.
tR: exposure time in R band lter
tNB: exposure time in narrowband lter
F : sale fator applied to R band ontinuum image when subtrating it from
narrowband image.
TNB is ideally be alulated by measuring the line ratios of Hα and [NII℄
lines diretly from spetrosopy. Jarrett et al. (2006) has an optial spetra of the
brightest tidal tail region from the Hale 200 inh, but it does not have suient
resolution to distinguish [NII℄ from Hα. However, the Tran et al. (2003) reports
that their Kek spetrum gives a line ratio of [NII℄6583/Hα = 0.0705. Sine the
ratio of [NII℄6583/[NII℄6548 = 3, this observation indiates a total
[NII℄/Hα = 0.094. I adopt this value to subtrat the ux of the [NII℄ lines, giving a
resulting ux that ontains only that of Hα.
4.2.2 CO(10) and CO(21) Observations
I observed the CO(10) and CO(21) at their redshifted frequenies between August
and Otober 2005 with the IRAM 30-meter telesope on Pio Veleta. I observed the
tidal tails at positions entered at RA 16:06:15.5, De 55:25:47 and RA 16:06:20.2,
De 55:25:56 Dual polarization reeivers were used at both frequenies with the 512
× 1 MHz lterbanks on the CO(10) line and the 256 × 4 MHz lterbanks on the
CO(21). The observations were done in wobbler swithing mode with a wobbler
throw of 200
′′
in azimuthal diretion. Pointing was monitored on nearby quasars
every 6090 minutes. During the observation period, the weather onditions were
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Figure 4.2: Photometry of non-saturated, isolated stars in the R and narrowband Hα
images plotted as instrumental ux. The slope of the tted line indiates the saling
fator between the R and Hα images and the y-interept indiates the oset.
generally good (with pointing better than 4
′′
), The average system temperatures
was ∼200 K at 115GHz and ∼420K at 230GHz on the T ∗A sale. At 115 GHz (230
GHz), the the IRAM forward eieny, Feff , was 0.95 (0.90), the beam eieny,
Beff , was 0.75 (0.54), and the half-power beam size is 21
′′
. All CO spetra and
luminosities are presented on the main beam temperature sale (Tmb) whih is
dened as Tmb = (Feff/Beff)× T ∗A. For the data redution, I seleted the
observations with a good quality (taken during satisfatory weather ondition and
showing a at baseline) and summed the spetra over the individual positions and
subtrated a baseline whih was a onstant ontinuum level for the CO(10) spetra
and a linear baseline for the CO(21) data.
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Figure 4.3: Images of UGC 10214 (The Tadpole) taken with the 1.8m VATT. Upper:
R band image with an integration time of 300 s. Lower: Continuum subtrated image
showing Hα emission throughout the inner region of the main galaxy and in several
knots along the tidal tail strething to the east. The irles indiate the 21
′′
beamsize
and positions of the IRAM CO(1-0) observations. The polygon indiates the region
of the tidal tail used to determine the total Hα ux in the tail.
I smoothed the spetra by averaging 4 adjaent hannels to a veloity
resolution of 10.7 km s
−1
. I then determined the upper limit as:
ICO < 3× rms×
√
δV ∆V , (4.2)
where δV is the hannel width and ∆V the total line width based on the observed
FWHM of the HI spetral line extrated at the loation of the soure (see next
setion).
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4.2.3 HI Observations
UGC 10214 was observed with the VLA C array (with a FWHM beam of 15
′′
) on
Marh 1, 2004. The total on-soure time was 9 hours. Observations were made with
the 21 m mode tuned to a helioentri wavelength of 9420 km/s. The narrowband
orrelator mode was hosen to orrespond to a bandwidth of 1.56 MHz with 63
hannels and a spaing of 5.3 km/s. The wide band orrelator mode was hosen to
orrespond to a bandwidth of 6.25 MHz with 15 hannels and a spaing of 88 km/s.
The phase alibrator was 1634 + 627 and the ux alibrator was 1331 + 305.
The data were redued using standard redution proedures in the
Astronomial Image Proessing System (AIPS) (e.g., Greisen, 2003). Maps were
made of the narrowband and wideband data with both natural and uniform
weighting. Natural weighting provides even weighting of the uv plane and is
sensitive to diuse emission. Uniform weighting down plays the well sampled inner
parts of the uv plane, emphasizing long baselines and provides better resolution.
For the narrowband maps, the natural weighting produed a nal beam size of
16.1′′ × 15.5′′ with a rms noise of 0.40553 mJy beam−1 hannel−1. The uniform
weighting produed a nal beam size of 12.8′′ × 12.5′′ with a rms of 0.56852 Jy
beam
−1
hannel
−1
. The maps were made with 4
′′
pixel
−1
and a size of 512×512. For
this paper, I use the natural weighting as it is more sensitive to the diuse emission
in the tail. Sine the narrowband map is not line free, the ontinuum subtration
was done in the image plane using dierent image ubes for the line-free hannels.
This produed FITS ubes with x and y pixels orresponding to the RA and
DEC of the image and third dimension slies for eah veloity hannel. Eah pixel
in eah hannel has an assoiated ux density in units of Jy beam
−1
. These FITS
ubes were used with IDL sripts for extration of spetra and alulating olumn
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densities and HI mass. Spetra of eah SSC were extrated using a irular aperture
with a diameter of 21
′′
and 11
′′
to math the beam sizes of the CO(1-0) and CO(2-1)
observations.
To alulate the mass of neutral hydrogen in the aperture, I alulate the
total the HI ux, Si, and the average HI ux, 〈S〉i, in the seleted region for eah
hannel. I then multiply this total ux in the region, Si, by the hannel width
dv[km s−1℄ to get the total HI ux in the region (Fi in Jy beam
−1
km s
−1
). I then
sum the total HI ux over all hannels with HI emission:
F =
∑
nchan
Fi (4.3)
where nchan is the number of hannels with HI emission. To determine whih
hannels had HI emission, I seleted hannels with greater than 1 rms above zero. I
did not want to selet any hannels with ux density less than zero whih would
bias our results to lower uxes. To onvert the units of F from Jy beam−1 km s−1 to
Jy km s
−1
, I multiply by the ratio of the pixel size in square arseonds to the beam
size in square arseonds (Apix/Abeam). The error on this quantity is:
σF =
√
nchan
√
npixσ1pixdvApix/Abeam (4.4)
Using the equations in Mullan et al. (2013), the HI mass in this seleted
region is then:
MHI [M⊙] = 2.36× 105(D[Mpc])2 ∗ F (4.5)
where MHI is the HI mass in solar masses and D is the distane to the
Tadpole in Mp and F is in Jy km s−1. The error on MHI is
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σMHI = 2.36× 105D
√
D2σ2F + F 2σ
2
D (4.6)
where σD is the error in the distane measurement.
The average olumn density was alulated using the mean ux for eah
hannel (〈S〉i) and onverting it to a olumn density (Mullan et al., 2013).
NHI [cm−2] = 1.82× 1018 ∗ 684977.24 ∗
∑
nchan
〈S〉idv/Abeam (4.7)
with an error of
σNHI = 1.82× 1018 ∗ 684977.24 ∗
√
nchanσ1pixdv/(Abeam
√
npix) (4.8)
A ontour map of integrated olumn density was also reated by using
equations 4.7 and 4.8 with 〈S〉i equal to the ux density value of the individual
pixel for eah hannel and npix equal to 1 pixel. For the ontour map, I integrate
from hannels 25-50 (or a veloity width of 137 km s
−1
).
4.3 Results
I now examine the star formation traer, Hα, in the tidal tail of the Tadpole. The
loal and global SFR are ompared to the properties of the gas available for star
formation in the tidal tail based on moleular gas measurements from CO(1-0) and
CO(2-1) and neutral hydrogen gas measurements from the 21 m HI line.
4.3.1 HII regions in the Tidal Tail
As shown in Figure 4.3, the tidal tail of UGC 10214 is host to multiple Hα emission
regions. These regions are arranged in two bright lumps, orresponding to the
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bright, blue regions in the tidal tail also examined as SSC 1 and SSC2 in Jarrett
et al. (2006). In the HST/ACS images in Tran et al. (2003) (see Figure 4.4), the two
bright lumps break up into multiple star lusters also found by de Grijs et al.
(2003). Outside of these two bright regions, there are a few modest amounts of Hα
emission, also orresponding to bright blue regions. In the bottom panel of Figure
4.4, I identify and label the 5 HII regions studied here. The labels of SSC 1 and
SSC 2 are from Jarrett et al. (2006), but I also label other smaller lumps of Hα
emission with letter designations. SSC 1 is in a U-shaped struture in the
HST/ACS images whih has a brighter northern arm. Our Hα image shows this
bright northern arm to host two bright HII regions, SSC 1 and 1a, whih orrespond
in position to the two brightest star lusters in the arm. SSC 1 shows an oval shape,
whih the HST image shows to be due to a fainter blue star luster to the south. In
the southern arm of the U, there is an Hα peak, labeled 1b, at the loation of a blue
star luster. The Hα image shows a bright peak at at the loation of SSC2 with a
fainter peak to the east, labeled as 2a.
I rst examine the Hα emission in the tidal tail by looking at eah HII
region using an aperture with a diameter of 6
′′
whih orresponds to a size of 3.9
kp at the distane of the Tadpole. I also extrat the emission from Hα using
aperture sizes more losely mathed to that of the moleular gas observations (12
′′
and 21
′′
). Our detetion limit for the Hα image is found by taking 5 times the
standard deviation of the sky bakground whih is 7.06 ounts, orresponding to a
luminosity of 3.9× 1036 erg s−1. Table 4.1 lists the loation, area of the aperture in
kp
2
, L
Hα, SFR(Hα) from Kenniutt (1998b), and the star formation rate surfae
density, ΣSFR(Hα) in M⊙ yr−1 kp−2.
On 4 kiloparse sales (from the 6
′′
aperture), the brightest HII region is SSC
1 with a L
Hα = 5.3± 0.7× 1040 erg s−1 whih is four times brighter than either
regions 1a or 2. Using the SFR formulation from Kenniutt (1998b), this SSC 1 has
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a SFR of 0.41 M⊙ yr
−1
. Taking the SFR along with the area of the aperture (11.97
kp
2
), I nd ΣSFR(Hα) = 0.035± 0.004 M⊙ yr−1 kp−2. These HII regions in the
tidal tail of UGC 10214 are brighter than the HII regions of either tidal tail of NGC
2782 (Knierman et al., 2012, 2013). In partiular, SSC 1 is 27 times more luminous
than W235 in the Western Tail of NGC 2782. SSC 1 is as luminous as the brightest
HII regions in S galaxies (L
Hα ∼ 1040 erg s−1).
On 8 kp sales, (from the 12
′′
aperture), I now examine only the SSC 1 and
SSC 2 loations. For this aperture, L
Hα = 6.7× 1040 erg s−1 in SSC 1 whih is 3.7
times brighter than L
Hα in SSC 2. The SFR in SSC 1 at 0.53 M⊙ yr
−1
is also
almost 4 times the rate in SSC 2 (0.14 M⊙ yr
−1
). This is also the sale that was
observed by Jarrett et al. (2006) in their examination of SSC 1 and SSC 2. Jarrett
et al. (2006) estimates the SFR in SSC 1 at 0.23 M⊙ yr
−1
using the integrated Hα
line ux from their optial spetrosopy. This value is more than half the SFR I
determine based on our 12
′′
aperture, and it is also less than the SFR from our 6
′′
aperture. The Hα measurement from Jarrett et al. (2006) was made using a long
slit optial spetra with a slit width of 1.5
′′
under poor seeing onditions (3
′′
-4
′′
) so
they may have missed a portion of the Hα emission whih I reover in our narrow
band observations.
On 14 kp sales (from the 21
′′
aperture), I also examine only the SSC 1 and
SSC 2 loations whih now enompass the majority of the Hα emission in their
regions of the tail. For this aperture, L
Hα = 8.2× 1040 erg s−1 in SSC 1 whih is
3.7 times brighter than SSC 2. The SFR in SSC 1 is 0.65 M⊙ yr
−1
and is 3.8 times
the value for SSC 2 (0.17 M⊙ yr
−1
).
On the global sale, I sum the ux in the polygonal aperture enompassing
the tail (see Figure 4.3). For the entire tidal tail, I nd L
Hα = 1.6± 0.2× 1041 erg
s
−1
and a SFR of 1.3 M⊙ yr
−1
. This tidal tail has a SFR 56 times that of the entire
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Eastern tidal tail of NGC 2782 and 87 times that of the Western tail of NGC 2782.
Smith et al. (1999) lists the L
Hα for several tidal debris regions in dierent mergers
whih range from < 1.6× 1039 erg s−1 in NGC 4438 to 1.1× 1040 erg s−1 in NGC
4676 (The Mie). L
Hα in these other tidal debris regions are lower than the LHα
in the Tadpole tidal tail. By omparison, the SFR in the Tadpole tail is similar to
the SFR for the entire Milky Way galaxy (1.9± 0.4M⊙ yr−1; Chomiuk & Povih,
2011), whih indiates that the Tadpole tidal tail is forming a larger amount of stars
than is seen in other tidal tails as referened above.
4.3.2 Moleular Gas - CO(1-0) and CO(2-1)
SSC 1 was observed with IRAM to an rms of 1.51 mK in CO(1-0) and to an rms of
2.33 mK in CO(2-1) , however no detetions in either line were observed. The
spetrum for these observations are shown in Figure 4.5) and Figure 4.6 where Tmb
is plotted versus veloity oset from the helioentri veloity of the Tadpole.
Similarly, no detetions for SSC 2 were made in either CO(1-0) (rms = 1.70 mK,
Figure 4.7) or CO(2-1) (rms = 3.45 mK, Figure 4.8).
Using the equations in Braine et al. (2001), I nd that the moleular mass is:
Mmol[M⊙] = 1.36ICOXCOD2Ω2mp (4.9)
where ICO is the average CO line intensity expressed in km s
−1
, XCO is the
onversion fator between CO and H2 (the Milky Way onversion fator is used here
for onsisteny with prior work, see Setion 4.4.5 for disussion of a dierent XCO),
D is the distane, Ω is the solid angle whih the soure is average over (for a
Gaussian beam with θFWHM as the half power beam width (Ω = 1.13θ2FWHM), and
mp is the mass of a proton. Sine I do not have a detetion of CO(1-0) or CO(2-1), I
use Equation 4.2 to determine the upper limit for ICO. The CO(2-1) line is a higher
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Figure 4.4: Close up of Tadpole eastern tidal tail region. Top: Tidal tail taken from
HST/ACS Early Release Observation 3 olor image produed from F475W, F606W,
and F814W images. Center: Tidal tail from ontinuum subtrated Hα image as in
Figure 4.3 with SSC 1 and SSC 2 labeled. Bottom: As in Center image with irles
with 6
′′
apertures with labels.
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Table 4.1: Properties of Hα soures in Tidal Tail of Tadpole
Loation Area L
Hα SFR(Hα) ΣSFR(Hα)
kp
2 1039erg s−1 M⊙ yr−1 10−3 M⊙ yr−1 kp−2
1 11.97 53(7) 0.41(0.06) 35(4)
1a 11.97 14(2) 0.11(0.02) 9(1)
1b 11.97 2.1(0.4) 0.017(0.003) 1.4(0.3)
2 11.97 13(2) 0.10(0.01) 8(1)
2a 11.97 2.9(0.5) 0.022(0.004) 1.9(0.3)
1 47.87 67(9) 0.53(0.07) 11(2)
2 47.87 18(3) 0.14(0.02) 2.9(0.4)
1 146.6 82(1) 0.65(0.09) 4.4(0.6)
2 146.6 22(4) 0.17(0.03) 1.1(0.1)
Tail 2318 160(20) 1.3(0.2) 0.54(0.08)
exitation line and probes a warmer gas. Braine et al. (2001) uses CO(2-1)
observations for moleular gas in the tidal dwarf galaxies of NGC 7252W and NGC
4038W. For these measurements, they use the intrinsi line ratio of
CO(2− 1)/CO(1− 0) = 0.75 to obtain a moleular mass and I use the same ratio
here. Table 4.2 lists the loation, the limit for ICO, Mmol, FWHM of of the HI
measured in the same aperture size as the CO beam, the veloity width ∆v of the
HI, N
HI
, M
HI
, and the total gas mass Mgas, for the two SSCs and the total tidal tail
area.
From the CO(1-0) observations, the upper limit on the moleular gas mass
for SSC 1 is Mmol < 1.06× 108 M⊙ and is lower by a fator of 0.96 than the upper
limit for SSC 2 (Mmol < 1.09× 108 M⊙). The moleular gas mass upper limits from
CO(1-0) are higher by a fator of 1.8 and 1.3 than the CO(2-1) upper limits for SSC
1 and SSC2. This is likely due to the smaller beam size of the CO(2-1) observations
in spite of their higher rms values. The upper limits for the moleular mass from the
CO(2-1) observations are Mmol < 6.0× 107 M⊙ for SSC 1 and Mmol < 8.1× 107 M⊙
for SSC 2. By summing the upper limits for the moleular gas mass, I estimate an
upper limit for the entire tidal tail to be Mmol < 2.15× 108 M⊙.
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Table 4.2: Moleular and HI Gas in Tadpole Tidal Tail Loations
Loation ICO Mmol FWHM ∆v 〈N
HI
〉 NHI MHI Mgas
K km s
−1 108 M⊙ km s−1 km s−1 1021m−2 1021m−2 108M⊙ 108M⊙
CO(1-0) 21
′′
SSC1 < 0.115 < 1.06 60 82.2 0.73(0.01) 6.56(0.01) 3.6(0.3) < 6.00
SSC2 < 0.118 < 1.09 50 60.3 0.65(0.01) 5.85(0.01) 3.2(0.2) < 5.44
CO(2-1) 12
′′
SSC1 < 0.178 < 0.60 60 82.2 0.76(0.02) 3.78(0.02) 2.1(0.2) < 3.45
SSC2 < 0.240 < 0.81 50 60.3 0.66(0.02) 3.31(0.02) 1.8(0.1) < 3.26
Tail < 2.15 60 109.6 0.120(0.001) 164.0(0.1) 90(6) < 125
1
2
2
Figure 4.5: Spetrum of CO(1-0) taken with IRAM at the loation of SSC 1.
The upper limits for moleular mass in the Tadpole tidal tail are one third
lower than the observed moleular gas mass for louds in the Eastern tail of NGC
2782 (Mmol = 3.69± 0.09× 108 M⊙, from K13). Even with the dierene in beam
sizes and distanes between the two observations, the two observations are probing
similar size moleular louds. The beam size of the 12 meter Kitt Peak telesope is
55
′′
and at the distane of NGC 2782, this is probing about 10 kp diameter louds.
With IRAM, the CO(1-0) observations are probing about 13 kp sized louds at the
distane of the Tadpole. In the Eastern tail of NGC 2782, the moleular gas
spanned a larger area than a single beam, so there is likely to not be a moleular
loud of similar size in the area of SSC 1 even with the great dierene in distanes
between the galaxies.
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Figure 4.6: Spetrum of CO(2-1) taken with IRAM at the loation of SSC 1.
4.3.3 21 m HI
The VLA 21m observations of the Tadpole reveal similar features to the ndings of
Briggs et al. (2001): the main spiral galaxy, the dwarf galaxy, and the tidal tail. I
examine the tidal tail in detail here. An integrated olumn density map was reated
as above and is shown in Figure 4.9. As from equation 8, σNHI = 5.0× 1019 m−2.
The ontour map indiates the 5σ level of the map with the outer ontour whih
gives a broad outline of the tidal tail region and the main spiral. A small gap is
present in this map between the main spiral and the tidal tail and may just be
indiative of the lak of gas at the veloities inluded in the map sine I only
integrated over veloities found in the tidal tail. In the tidal tail, there is evidene of
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Figure 4.7: Spetrum of CO(1-0) taken with IRAM at the loation of SSC 2.
two massive HI lumps. The HI lump losest to the spiral galaxy is oinident
with SSC 1, while SSC 2 is at the western end of the HI lump farther to the east.
Integral spetra of HI were extrated at the loations of the two SSCs,
indiated by dashed irles in Figure 4.9. The ux density in Jy beam
−1
are plotted
against the helioentri veloity for summed pixels in the region as stated above. I
plot the HI spetra from a 21
′′
sized aperture at the loation of SSC 1 in Figure 4.10
. This shows a strong line with a fairly symmetri prole with a veloity width of
76.7 km s
−1
. Figure 4.11 shows the integrated HI spetrum of SSC 2. This
spetrum has an asymmetri prole with a veloity width of 82.2 km s
−1
.
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Figure 4.8: Spetrum of CO(2-1) taken with IRAM at the loation of SSC 2.
Table 4.2 lists the FWHM, veloity width (full width at zero intensity),
average olumn density of HI, total olumn density of HI, N
HI
, and total HI mass
for a 21
′′
aperture and for a 11
′′
aperture for SSC 1, SSC 2 and the total area of the
tidal tail. The average olumn densities at the loation of SSC 1 and 2 range from
6.5− 7.6× 1020 m−2. These values are larger than the threshold for nding
signiant amounts of star lusters in tidal tails of major mergers (1020.6 m−2
(Maybhate et al., 2007)). The range of MHI for SSC 1 and SSC 2 are 3.2− 3.6× 108
M⊙ whih are similar to the HI masses in the Eastern tidal tail of NGC 2782, but a
few times larger than the Western tail HI lumps of NGC 2782 whih are around
108 M⊙.
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I also sum the HI ux density over the entire area of the tidal tail using a
box around the tail. Figure 4.12 shows the integrated HI spetrum of the tail area.
This shows a broader spetral omponent with a narrow peaked omponent. The
veloity width of the entire line is 109.6 km s
−1
. The narrow peaked region may
orrespond to the narrow peak at 9401 km s
−1
seen in single dish HI measurements
by Briggs et al. (2001). The average olumn density in the tidal tail is 1.2× 1020
m
−2
whih is lower than the threshold from Maybhate et al. (2007), but not
surprising sine the tail is a large feature with only a few loalized sites of star
formation. The total amount of HI mass in the tidal tail is 9× 109M⊙ whih is
higher than that observed in the single dish observations by Briggs et al. (2001).
4.3.4 Metalliity
Knowing the metalliity of the material in the tidal tail has impliations for many of
the derived properties suh as the SFR and the CO to H2 onversion fator. There
are many dierent methods to estimate metalliity, but this setion fouses on
methods using optial emission line spetra taken by Tran et al. (2003) and Jarrett
et al. (2006). Methods to estimate metalliity using optial emission lines trae the
abundane of heavy elements, partiularly oxygen, in the gas phase (see Kewley &
Dopita, 2002, for a review of these methods).
The rst method used to estimate metalliity in the tidal tail of the Tadpole
is the ratio of the emission line intensity of [NII℄ to Hα. In Figure 9 of van Zee et al.
(1998), an empirial relation is shown between these values as:
12 + log(O/H) = 1.02 log([NII]/Hα) + 9.36. (4.10)
For a [NII℄/Hα = 0.094 (from above, based on the spetrum from Tran et al.
(2003)), SSC 1 has 12 + log(O/H) = 8.3. This metalliity, based on oxygen
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Figure 4.9: Top: This image shows the HST/ACS image of the Tadpole. Bottom:
This image shows the 21 m HI integrated olumn density ontours for the veloity
range from 9321-9458 km s
−1
. This range only inludes the veloity width of the tidal
tail, but some HI from the main spiral galaxy is inluded as well. The ontour levels
are: 2.5, 3.5, 5.0, 5.6, and 7.5× 1020 H atoms m−2. The dashed irles indiate the
loation of the extrated HI spetra with 11
′′
and 21
′′
apertures. The box indiates
the area used for the global HI emission from the entire tidal tail. The solid irle
indiates the beam size of the HI map.
128
Figure 4.10: Extrated 21 m HI spetrum at the loation of SSC 1 using a 21
′′
aperture.
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Figure 4.11: Extrated 21 m HI spetrum at the loation of SSC 2 using a 21
′′
aperture.
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Figure 4.12: Extrated 21 m HI spetrum of the entire Tadpole tidal tail region.
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abundane, is onverted to a more generalized metalliity through
Z ∼ 29× 10[12+log(O/H)]−12 (4.11)
where solar abundane is 12 + log(O/H) = 8.72 (Kolbulniky & Kewley,
2004). For this massive young star luster in the Tapole tidal tail, Z = 0.006, whih
for a Z⊙ = 0.02, indiates Z/Z⊙ = 0.3 for SSC 1. This is is similar to the metalliity
of tidal tail regions observed in other systems (Du et al., 2000).
To hek this value, R23, the ratio of the intensity of the oxygen emission
lines to Hβ (Pagel et al., 1979), is alulated next. R23 is ommonly used beause it
inludes the brighter and more easily observed lines of oxygen and hydrogen.
However, R23 is double valued with metalliity and so needs another line diagnosti
(e.g., O23) to help break the degeneray. Various eorts over the years have been
made to alibrate this method using empirial and/or photoionization models.
Kolbulniky & Kewley (2004) has a review of these methods. I use their Equations
8, 10, 13, and 16 to alulate the metalliity. Our initial metalliity alulation,
12 + log(O/H) = 8.3, plaes SSC 1 on the lower branh of R23 where the ionization
parameter, q, plays more of a role. Physially, the ionization parameter, or
ionization state of the gas, an be thought of as the veloity of the ionization front
in an HII region that is driven by the radiation eld loally. The equation for the
ionization parameter is
q =
SH0
n
(4.12)
where the ionizing photon ux through a unit area is SH0 and the loal
number density of hydrogen atoms is n (Kewley & Dopita, 2002). The ionization
parameter, q, is alulated from Eq. 13 in Kolbulniky & Kewley (2004) with the
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initial guess for the metalliity from the [NII℄ to Hα line ratio. The metalliity from
the R23 method is then alulated using
x = logR23 =
I[OII]λ3727 + I[OIII]λ4959 + I[OIII]λ5007
I[Hβ]
(4.13)
y = logO23 = log(
I[OIII]λ4959 + I[OIII]λ5007
I[OII]λ3727
) (4.14)
along with the equations from Kolbulniky & Kewley (2004). Sine this
alulation assumes an initial metalliity to alulate q, the alulations were
iterated until onvergene. The metalliity for SSC 1 from the R23 method is
12 + log(O/H) = 8.4 or Z/Z⊙ = 0.35 whih is remarkably similar to the value from
[NII℄/Hα. The ionization parameter for SSC 1, based on this method, is
q = 3.4× 107 m s−1.
4.4 Disussion
I now ompare the derived physial properties for SSC 1 and SSC 2. Speially, I
will examine star formation rates, gas available for star formation, and star
formation eienies for these two sites of young massive star lusters in the tidal
tail of the Tadpole. In addition, the global derived physial properties for the entire
tidal tail of the Tadpole will be ompared to tidal tails in other mergers.
4.4.1 SFR
The brightest tidal tail star luster, SSC 1, has L
Hα brighter than HII regions in S
galaxies and indiates onsiderable star formation in a tidal tail region. The SFR of
this region has also been studied in Jarrett et al. (2006) who examine three traers:
24 miron ux, Hα from optial spetrosopy, and [OIII] + Hβ from optial
spetrosopy. Their SFR values range from 0.11 M⊙yr
−1
(24 miron) to 0.23 M⊙
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yr
−1
(Hα from optial spetrosopy) to 0.39 M⊙yr
−1
([OIII]+Hβ). These are all less
than our value of 0.53 M⊙yr
−1
at the same aperture size (12
′′
). As mentioned above,
the measurements using optial spetrosopy (Hα and [OIII]+Hβ) may be a lower
limit on the atual Hα ux for SSC 1 due to a slit width of 1.5′′ under poor seeing
onditions. Jarrett et al. (2006) also autions that their SFR from 24 mirons is a
lower limit sine they use a alibration from Calzetti et al. (2005) based on HII
regions in the disk of M51 whih has a dierent metalliity and star formation rate
density than the tidal tail of the Tadpole. The SFR in this paper may be loser to
the atual SFR of SSC 1, however, by using the formulation of Kenniutt (1998b), I
am assuming a Salpeter IMF and solar metalliity whih may not be orret
assumptions for tidal tails. In addition, Hα may be aeted by dust absorption.
However, the Balmer derement from optial emission lines traing the photoionized
gas from Tran et al. (2003) (Hα/Hβ = 2.76) indiates very little reddening (the
expeted Balmer derement is 2.86). But the value from Jarrett et al. (2006) is
Hα/Hβ = 2.56 whih does indiate more reddening, but still not a lot of reddening.
To take into aount any obsured star formation due to dust, I use the SFR
indiator from Equation 7 in Calzetti et al. (2007) whih uses both Hα and 24
mirons:
SFR(M⊙yr−1) = 5.3× 10−42[L(Ha)obs + (0.031± 0.006)L(24µm)]. (4.15)
This relation is empirially alibrated from observations of 220 star forming
regions in the 33 nearby SINGS galaxies (whih span a range of morphologies and a
fator of 10 in oxygen abundane) along with integrated measurements of low
metalliity starburst galaxies and luminous infrared galaxies (LIRGs). The data
used for the alibration inlude MIPS 24 miron photometry, NICMOS Paα
photometry, and ground based Hα photometry. Comparison of this relation with
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models suggest that it is appliable to large systems or galaxies with their energy
output dominated by young stellar populations. Calzetti et al. (2007) also nd that
using 24 mirons alone is robust for high metalliity objets, but it deviates by
fators of 2-4 for lower metalliity objets. This may explain the lower value for the
SFR in SSC 1 using just 24 mirons from Jarrett et al. (2006) sine SSC 1 has a low
metalliity. The SFR relation from Calzetti et al. (2007) assumes an IMF based on
the Starburst99 (Leitherer et al., 1999; Vazquez & Leitherer, 2005) default (2 power
laws with slope -1.3 from 0.1-0.5 M⊙ and a slope of -2.3 from 0.5-100 M⊙),
ontinuous star formation for 100 Myr, and solar metalliity, but does take into
aount both unobsured and obsured star formation. Paα is less aeted by dust
than Hα and also traes the urrent SFR over a timesale of about 10-20 Myr,
similar to Hα Kenniutt (1998b).
Using our value for the Hα luminosity and the 24 miron ux from Table 2
of Jarrett et al. (2006) for SSC 1 and Figure 6 of Jarrett et al. (2006) for SSC 2
(assuming a 20% error), I nd a SFR of 0.39± 0.05 M⊙ yr−1for SSC 1 and
0.10± 0.01 M⊙ yr−1for SSC 2. These values are lower than our SFR using
Kenniutt (1998b), but, for SSC 1, similar to the highest SFR from Jarrett et al.
(2006) using [OIII]+Hβ.
Another SFR indiator that is widely in use is the bolometri infrared
luminosity whih is found to be diretly proportional to the SFR in dusty starburst
galaxies. However, this indiator is also subjet to errors from evolved stars heating
the dust in the IR, from alibrations done at sparsely sampled wavelengths or only
for entire galaxies, not individual HII regions, and for assumptions of solar
metalliity. The Tadpole is observed with PACS broadband photometry at
wavelengths over 60-210 mirons; however, SSC 1 has little dust (based on the
Balmer derement) and a low metalliity, the bolometri infrared luminosity is likely
not a good SFR indiator in this tidal tail.
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On a global sale, the global SFR of the entire tail (1.3 M⊙ yr
−1
) is between
∼ 30− 50% of the global SFR of the entire Tadpole galaxy from FIR, 24 miron or
70 miron data (Jarrett et al., 2006). However, the high ratio of SFR in the tidal
tail to the SFR of the entire merger may not able to be generalized to other minor
mergers, sine Jarrett et al. (2006) found that the nuleus of the Tadpole galaxy is
not undergoing a starburst in spite of the high HI ontent. For example, the minor
merger NGC 2782 is a luminous infrared galaxy (LIRG) undergoing a starburst
(Devereux, 1989). Using Equation 4 in Kenniutt (1998b) and its far infrared (FIR)
luminosity of ∼ 1044 erg s−1, NGC 2782 has a total SFR of 4.5 M⊙ yr−1 whih is
twie the SFR from FIR luminosity for the Tadpole.
4.4.2 Star Formation Rate Surfae Density
To make a better omparison of the star formation rate between dierent regions in
tidal tails, I ompare the star formation rate per unit area, ΣSFR from the observed
Hα to the expeted SFR per unit area from the gas density. Table 4.3 lists the tidal
tail loation, area of the extrated region, the star formation rate surfae density
based on the Hα emission ΣSFR(Hα), the gas surfae density Σgas, and the
expeted star formation rate surfae density from the gas surfae density ΣSFR(gas).
These quantities are listed for aperture sizes and moleular measurements
orresponding to both the CO(1-0) and CO(2-1) observations.
The ΣSFR(Hα) with a 21′′ aperture for the SSC 1 is 0.0044± 0.0006 M⊙ yr−1
kp
−2
whih is 3.7 times the value for SSC 2. SSC 1 is 4.4 times the value for
W-HI-M in the Western tail of NGC 2782 and is 4 times the value for the tidal
dwarf galaxy andidate in the Eastern tail of NGC 2782 (K13). For the smaller 11
′′
aperture, SSC 1 inreases to ΣSFR(Hα) = 0.011± 0.002 M⊙ yr−1 kp−2.
The global star formation rate density for the entire tidal tail of the Tadpole
is 0.00054± 0.00008 M⊙ yr−1 kp−2 whih is lower than SSC 1 by a fator of more
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Table 4.3: Comparison of Loal & Global Star Formation Rates in the Tadpole Tidal
Tail
Loation Area ΣSFR(Hα) Σgas ΣSFR(gas)
kp
2 10−3 M⊙ yr−1 kp−2 M⊙ p−2 10−3 M⊙ yr−1 kp−2
CO (1-0)
1 146.6 4.4(0.6) < 4.06 < 1.8
2 146.6 1.2(0.2) < 3.71 < 1.6
Tail 2318 0.54(0.08) < 5.37 < 2.6
CO (2-1)
1 47.9 11(2) < 7.2 < 4.0
2 47.9 2.9(0.4) < 6.8 < 3.7
than 8. It is also a fator of 60 higher than the global star formation rate density for
either tail in NGC 2782. This indiates the great amount of urrent star formation
in the tidal tail.
4.4.3 Gas Available for Star Formation
As listed in Table 4.3, the gas density in the tidal tail regions is around 4 M⊙ p
−2
in the 21
′′
aperture and around 7 M⊙ p
−2
in the smaller 11
′′
aperture. These are
both 11-30 times smaller than the gas density in the HI lumps in NGC 2782 (K13).
This indiates that the Tadpole tidal tail had less gas available for star formation or
that it has used up gas already in forming its stars.
The upper limit for the expeted star formation rate per area based on the
gas density is < 0.0018 M⊙ yr−1 kp−2 for SSC 1 using the 21′′ aperture. For the
smaller aperture, the ΣSFR(gas) is < 0.0040 M⊙ yr−1 kp−2. Sine the gas densities
for SSC 1 and SSC 2 are similar, their expeted star formation rate per area is also
similar.
By omparing the ΣSFR(Hα) to the expeted SFR from the gas density
(ΣSFR(gas)), the SFE an be estimated. For the 21′′ aperture, SSC 1 has an
observed ΣSFR(Hα) more than twie as large as the SFR expeted from the gas
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density. This indiates very eient star formation for SSC 1. For SSC 2, the
expeted SFR from the gas density is larger by a fator of more than 1.3 than the
observed SFR per area, indiating less eient star formation in this area.
On a global sale, the tidal tail of the Tadpole galaxy has an expeted
ΣSFR(gas) that is almost 5 times larger than the observed ΣSFR(Hα). This
indiates that, on a global sale, the tidal tail of the Tadpole is 5 times less eient
at forming stars. However, the dierene in ΣSFR(Hα) to the expeted ΣSFR(gas) is
muh smaller than the fator of 30 between the expeted ΣSFR(gas) and the
observed ΣSFR(Hα) in the Eastern tail of NGC 2782 (K13), indiating that the
Tadpole tidal tail is at least more eient than the Eastern tail of NGC 2782.
4.4.4 Star Formation Eieny
Combining the measures of gas availability and SFR, I examine the SFE for loal
and global regions in the Tadpole tidal tail. Previous observations have shown that
star formation in tidal debris is less eient than star formation in starburst or
normal galaxies (Boquien et al., 2011), where multiwavelength data of major merger
Arp 158 was used to study the loal Kenniutt-Shmidt law. In addition, it was
observed that the star forming regions in Arp 158 were seen to follow a dierent
Kenniutt-Shmidt law than those in the entral regions of that merger and were
oset so that the same gas density resulted in a lower SFR. In NGC 2782, the HII
region in the Western tail (W-HI-M) has an apparent SFE that is onsistent with
the star forming regions in the tidal debris of Arp 158 (Knierman et al., 2012), while
the Eastern tail exhibits a SFE that is more than 2 dex lower (K13). For the
Tadpole tidal tail, SSC 1 and SSC 2 lie above the relation of total gas surfae density
versus SFR surfae density for the tidal debris of Arp 158 whih indiates more
eient star formation in the Tadpole tail than in the tidal debris of that merger.
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I alulate the gas depletion timesales (τdep) or the amount of time it would
take for the urrent SFR to deplete the gas (moleular, atomi, and total). The SFE
is diretly related to the inverse of the gas depletion time as it is a onsumption
rate. The gas depletion timesale for normal galaxies is τdep,H2 ∼ 2 Gyr (Kenniutt,
1998b) and for TDGs is τdep ∼ 0.8− 4 Gyr (Braine et al., 2001). These ranges of gas
depletion times orrespond to normal SFE. A higher SFE will have τdep < 0.8 Gyr
and a lower SFE will have τdep > 2 Gyr. Table 4.4 lists the tidal tail loation, gas
depletion time using moleular gas mass and Hα SFR (τdep,H2 = Mmol/SFRHα), gas
depletion time using 21 m HI gas mass and Hα SFR (τdep,HI =MHI/SFRHα), and
the gas depletion time using the total gas mass and Hα SFR
(τdep,tot = Mgas/SFRHα) for SSC 1 and SSC 2 for both apertures and the tidal tail
as a whole.
SSC 1 has a gas depletion time of τdep,H2 < 110 Myr from CO(2-1) and
τdep,H2 < 160 Myr as measured by CO(1-0), whih are lower than the gas depletion
times for W-HI-M in the Western tail of NGC 2782 (τdep,H2 < 1.5 Gyr, K13). SSC 1
has a lower gas depletion time than the star forming regions observed in Arp 158
(Boquien et al., 2011) and in TDGs (Braine et al., 2001). However, SSC 1 is seen to
be more similar to the gas depletion timesales in dwarf galaxies (1 -100 Myr)
(Braine et al., 2001). The low gas depletion timesale for SSC 1 indiates that it has
a SFE higher than other tidal debris or normal spiral galaxies. Instead, SSC 1 has a
high SFE similar to dwarf galaxies when onsidering its moleular gas upper limit.
SSC 1 also has a high SFE when onsidering its HI gas (τdep,HI = 400− 560 Myr),
but a normal SFE onsidering its total gas mass (τdep,tot < 650− 900 Myr). SSC 2 is
less eient than SSC 1 at star formation, but with gas depletion times ranging from
< 0.6− 3 Gyr, it has a normal SFE similar to TDGs and normal spiral galaxies.
On global sales, the SFE alulated for the entire tail depends on the
method used. Considering the upper limit to the moleular mass and Hα SFR, the
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Table 4.4: Star Formation Eienies in Tadpole Tidal Tail Regions
Loation τadep,H2,Hα τ
b
dep,HI,Hα τ
c
dep,tot,Hα
(Gyr) (Gyr) (Gyr)
CO(1-0) 21
′′
SSC 1 < 0.16 0.56 < 0.92
SSC 2 < 0.63 1.9 < 3.2
Total < 0.17 7.2 < 9.9
CO(2-1) 11
′′
SSC 1 < 0.11 0.40 < 0.65
SSC 2 < 0.58 1.3 < 2.3
a τdep,H2,Hα =Mmol/SFR(Hα)
b τdep,HI,Hα =MHI/SFR(Hα)
c τdep,tot,Hα =Mtot/SFR(Hα)
tail has a low gas depletion timesale (high SFE) of τdep,H2 < 170 Myr. This is
similar to the SFE from SSC 1 and in dwarf galaxies. However, onsidering the high
gas depletion timesales from the HI gas mass (τdep,HI = 7.2 Gyr) and the total gas
mass (τdep,tot = 9.9 Gyr), the tail has a low SFE and is less eient at forming stars
than normal spiral galaxies, but is still more eient at star formation than the
outer regions of spiral galaxies at r25 (τdep,HI ∼ 20 Gyr).
On loal sales of ∼ 10 kp, it appears that the tidal tail of the Tadpole has
highly eient star formation around its super star lusters. Like the Western tail
of NGC 2782, the material in this tidal tail may be experiening gravitational
ompression whih enhanes the star formation. On global sales, however, the tidal
tail indiates a high SFE via the moleular gas upper limit, but a low SFE based on
the HI mass. This may indiate that the Tadpole tidal tail is deient in moleular
gas, as ompared to its HI, on a global sale. This deieny may be due to
destrution of the moleular gas via UV radiation from new stars formed in SSC 1
and SSC 2, low metalliity ausing the formation of less CO versus H2, or the CO is
present, but on smaller sales than observed here.
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4.4.5 Variations in XCO
In the alulations above, I use the value of XCO based on observations of the Milky
Way to alulate the upper limit for moleular mass based on our non-detetions in
CO(1-0) and CO(2-1). The standard CO to H2 onversion fator (XCO = 2× 1020
m
−2
(K km s
−1
)
−1
or αCO1−0 = 4.3 M⊙(K km s−1 p2)−1 ) is based on observations
of moleular louds in the Milky Way (Leroy et al., 2011). Using galaxies with
z ≤ 1, Genzel et al. (2011) nd a linear relation given by logαCO1−0 = 12.1− 1.3µ0
where µ0 = 12+ log(O/H). For a metalliity of 0.3Z⊙ (or µ0 = 8.3), the appropriate
onversion fator is αCO1−0 = 20.4 M⊙(K km s−1 p2)−1 giving a fator of 4.7 higher
limit on the moleular mass (Mmol < 5× 108 M⊙ for SSC 1 from CO(1-0)) than that
derived from the standard onversion fator (Mmol ≤ 1.06× 108 M⊙). This higher
upper limit on the moleular mass derived from the CO(1-0) measurement indiates
that there may be as muh moleular gas as 3− 4× 108 M⊙, whih is similar to
what I see in the Eastern tail of NGC 2782 (K13) and the CO(1-0) observations of
SSC 1 and SSC 2 are too shallow to detet. Despite the fat that the CO(2-1)
measurements trae warmer moleular gas, the observed upper limit in this line
when ombined with the gives Mmol < 2.8× 108 M⊙ whih is still less than the
moleular mass deteted in the Eastern tail of NGC 2782 (K13).
Using the higher moleular gas mass upper limit from the XCO for lower
metalliity, I examine hanges to the SFE as explored by the dierene between
ΣSFR(Hα) and the expeted ΣSFR(gas) as well as the SFE as estimated by the gas
depletion timesale. For SSC 1, the higher moleular mass limit results in a larger
expeted ΣSFR(gas) < 0.0036 M⊙ yr−1 kp−2 whih is now only 0.8 times the
ΣSFR(Hα). Having a larger ΣSFR(Hα) than from the expeted ΣSFR(gas) indiates
eient star formation in SSC 1, but the dierene between the two ΣSFR using the
new XCO is less than the dierene from using the Milky Way XCO. For SSC 2, the
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expeted ΣSFR(gas) < 0.0034 M⊙ yr−1 kp−2 is almost 3 times the ΣSFR(Hα),
indiating less eient star formation in SSC2. The dierene between the two
ΣSFR is now greater in SSC 2. Regarding the gas depletion timesale alulations
and SFE, SSC 1 still has a lower gas depletion timesale (τdep,H2 < 530− 770 Myr)
onsidering the new moleular mass upper limit and a normal gas depletion
timesale (τdep,tot < 1.1− 1.5 Gyr) onsidering the total gas mass upper limit. SSC 1
still has a high SFE onsidering moleular gas, but a normal SFE onsidering the
total gas mass. These gas depletion timesales are loser to the values in the tidal
debris of Arp 158 (Boquien et al., 2011) and TDGs (Braine et al., 2001). For SSC 2,
the inreased upper limit for moleular mass gives τdep,H2 < 2.7− 3 Gyr, and with
total gas mass in the system gives τdep,tot < 4− 5 Gyr. Both values are similar to the
observed gas depletion timesales in normal star forming galaxies, indiating normal
SFE in SSC 2. The dierene in SFE observed before between SSC 1 and SSC 2
still remains with SSC 1 having higher eieny star formation and SSC 2 having
normal SFE. Even with a higher moleular gas mass upper limit using a new XCO
for the metalliity of the Tadpole tail, our major results do not hange.
4.5 Conlusions
By applying the tehniques developed in the omparison of the tidal tails of NGC
2782 (K13), I examine the onditions for star formation in the tidal tail of the
Tadpole galaxy. This tidal tail has two large sites of star formation, SSC 1 and SSC
2, whih have been previously studied (Tran et al., 2003; de Grijs et al., 2003;
Jarrett et al., 2006). In this paper, I present the rst Hα narrowband images, CO
observations, and VLA HI observations to examine the star formation and star
formation eieny in this tidal tail. From the Hα observations, I nd 5 HII
regions in the tidal tails whih are grouped into two regions assoiated with SSC 1
and SSC 2. The HII regions in this tidal tail are more luminous than omparable
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tidal tail regions in other galaxies. The global LHα of the Tadpole tidal tail is higher
than that seen in tidal debris regions in other mergers. The global SFR of the
Tadpole tidal tail is omparable to the SFR of the entire Milky Way galaxy. Only
upper limits for moleular gas mass were found with IRAM observations for
CO(1-0) and CO(2-1). The new HI observations improve on the resolution ahieved
for the Tadpole by a fator of 3 (from 36
′′
to 12
′′
). I nd a higher star formation
rate surfae density in the Tadpole when ompared to that measured in tidal tails of
NGC 2782, whih indiates that the Tadpole has a higher level of urrent star
formation. However, the gas density in the Tadpole tidal tail is less than observed in
the tails of NGC 2782 whih possibly indiates that the gas in the Tadpole tidal tail
has been depleted by its urrent star formation rate. For SSC 1, I measure a higher
observed SFR surfae density from Hα when ompared with the expeted SFR
surfae density measured from the gas density whih indiates a higher eieny of
star formation. This orrelates well with the gas depletion timesales in SSC 1
whih have been seen to range from < 100− 900 Myr depending on the partiular
phase of gas mass used for the alulation. Similarly, SSC 2 has gas depletion times
that range from < 0.7− 10 Gyr whih indiates less eient star formation mode
than seen in SSC 1. With gas depletion times of < 100 Myr based on the moleular
gas upper limit, SSC 1 is as eient in forming stars as a dwarf galaxy. If I use a
dierent CO to H2 onversion fator appropriate for the lower metalliity of SSC 1,
the derived moleular mass upper limit inreases giving a less extreme SFE of
< 0.4− 1.5 Gyr, whih still indiates eient star formation whih is as eient as
that seen in TDGs. Suh high star forming eieny may be aused by gravitational
ompression in the tidal tail whih an inrease the rate of star formation.
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Chapter 5
CONCLUSIONS
This dissertation examines star formation in the tidal tails of minor galaxy mergers.
Minor mergers are less severe versions of major mergers, but are more ommon in
the universe and likely played a role in forming most large galaxies, inluding our
Milky Way Galaxy. Vigorous star formation ours in the enters of many mergers
due to the high gas density and turbulene from the merger. Due to its brightness
and visibility over osmologial distanes, star formation in enters of mergers has
been well studied. However, the tidal debris of mergers has not been as well studied.
These areas are lower density, but have large reservoirs of gas as fuel for star
formation and may have the higher turbulene of the merger. Studying tidal debris
of mergers gives insight into star formation near the threshold. Unlike the outer
regions of spiral galaxies, whih are also studied for star formation thresholds, tidal
debris gives a regime with higher turbulene, but low densities. Due to the higher
frequeny of minor mergers, the tidal debris of minor mergers was hosen for study.
Various traers for star formation were studied to determine the dierent fators
that may inuene star formation in tidal debris. These traers inlude young star
luster populations, star luster omplexes, Hα emission, and [CII℄ emission. Star
formation traers an be ompared to the reservoirs of gas available for star
formation to estimate the star formation eieny. To examine star formation in
detail on loal and global sales, multiwavelength data were needed whih
neessitated the areful seletion of whih galaxies to use for this study. The results
from this study an be used to onstrain models of star formation, partiularly at
low densities.
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5.1 Star Formation in Tidal Debris of Minor Mergers
The multiwavelength data sets of the minor mergers NGC 2782 and UGC 10214
(The Tadpole) allow examination of star formation on sales of ∼ 10 kp and
smaller in both galaxies. In all three tidal tails, I nd evidene for star formation
ourring in situ within the tails indiating that minor mergers, like major mergers,
host star formation in their tidal debris.
5.1.1 Star Clusters and Star Cluster Complexes
Young star lusters are found in all tidal tails in this study. In NGC 2782, I disover
populations of young star lusters in both tidal tails. However, the distribution of
star lusters and their properties are dierent between the two tails of NGC 2782.
In the Eastern tail, the star lusters are found in lumps of multiple star lusters
known as star luster omplexes. However, the Western tail hosts only lower
luminosity isolated star lusters. In the Tadpole, over 40 young star lusters have
been previously found along the tidal tail (Tran et al., 2003; de Grijs et al., 2003),
but mostly lustered in two bright lumps in the enter of the tail. The brightest of
these lumps, SSC 1, has a very luminous point soure whih is found to be very
massive and qualies as a super star luster.
Mullan et al. (2011) explore star luster populations in both major and
minor merger tidal tail regions using HST images. This work built on the prior
study by Knierman et al. (2003) of star lusters in the tidal debris of major mergers.
Comparisons of the star lusters in this thesis to their work in 23 tidal tails nds
less star lusters in the Eastern tidal tail of NGC 2782 than Mullan et al. (2011)
however they have a more generous denition of the tidal tail area. They nd
evidene for young star luster populations in 10 out of the 23 tidal tails studied.
Contrary to the (admittedly fewer in number) sample of tidal tails in major
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mergers, they nd tidal tails that have both TDGs and star lusters along the tail.
Comparing various properties of the merging systems and tidal tails, they nd that
tails with the largest number of star lusters are likely to be young (< 250 Myr) and
have a brighter V band surfae brightness. This may be due to the strong bursts of
star formation that our soon after the periapse of the merger.
5.1.2 HII regions
Regions of Hα emission were found in all the tidal tails of this study, and generally
trae the more luminous star lusters in the tails. In the Eastern tail of NGC 2782,
there are several HII regions in the area between the main spiral and the remnant
dwarf galaxy. These are spread over an area a little more than 10 kp aross in
disrete points. In the Western tail of NGC 2782, I nd one isolated HII region
midway along the tidal tail. In the Tadpole galaxy, I nd a total of 5 bright HII
regions. These are grouped into two main areas orresponding to the two star
lusters SSC 1 and SSC 2. SSC 1 has an irregular shape likely to be the result of
multiple point soures blending together. The SFR of these individual HII regions
ranges from the higher range of 0.02− 0.4 M⊙ yr−1 in the Tadpole to 0.015 in the
Western tail of NGC 2782 to the lower range of 0.002-0.008 in the Eastern tail of
NGC 2782.
However, the SFRs presented here are lower limits sine they are based on
narrowband Hα imaging. Hα represents star formation in the last ∼ 10− 20 Myr.
Also the SFRs in the tails ould be higher than inferred from Hα if it is
predominately of a Taurus-Auriga type (Kenyon et al., 2008), produing few star
lusters with high mass stars. If so, the olor would be blue, but no Hα would be
observed. In the ase of the Western tail of NGC 2782 (Knierman et al., 2012), faint
UV emission is deteted along the Western tidal tail, indiating the presene of
young stellar populations, likely dominated by B and A stars. Sine there is no Hα
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emission in the Western tail of NGC 2782 (exept for the single knot) the star
lusters forming along the tail were likely of low mass and had a negligible
probability of forming early B and O stars.
5.1.3 Possible Tidal Dwarf Galaxies
There are two tidal dwarf galaxy andidates (TDGCs) in this work, the TDGC in
the Eastern tail of NGC 2782 and SSC 1 in the Tadpole. TDGs have similar
luminosities as dwarf galaxies (−18 < MB < −14, 108 < LB < 1010 L⊙), but higher
average metalliities (Z ∼ 0.3Z⊙), blue olors, and high SFR (1039 < LHα < 2× 1040
erg s
−1
Braine et al., 2001). TDGs have HI masses ranging 0.5− 6× 108 M⊙. Some
TDGs have been measured to be gravitationally independent (Du et al., 2000).
TDGC in the Eastern tail of NGC 2782 was found serendipidously by
Yoshida et al. (1994) using optial spetrosopy and R band imaging of NGC 2782.
Using the veloity of the Hα line, TDGC is estimated to have a dynamial mass of
∼ 4× 108 M⊙. It has a blue olor (V − I = 0.3, but is fainter than most TDGs
(MV 606 = −13) and is small with a diameter of ∼ 1.3 kp. It has star formation on
the low end of TDGs with LHα = 1039 erg s−1. Also, it has a lower HI mass
(2.6× 108 M⊙) than other TDGs. Yoshida et al. (1994) nd an enhaned [OIII℄
λ5007 to Hβ ratio whih indiates low metalliity, but they only detet 3 lines in
their spetrum whih lessens the ability to determine metalliity. Even though
Yoshida et al. (1994) alled it a TDG, it seems to be at least a very low mass TDG.
It does not seem to be dynamially dierent than other parts of the Eastern tail in
the HI data (Smith, 1994; Smith et al., 1999). More areful onsideration of HI
data at this loation in the Eastern tail of NGC 2782 may shed more light on this
question.
While the super star luster SSC 1 itself may not be a TDG andidate, the
entity studied over a 21
′′
aperture at the loation of SSC 1 is worth onsideration.
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The sale measured by 21
′′
at the distane of the Tadpole is 13. 7 kp whih ould
enompass a dwarf galaxy. SSC 1 has an HI mass of ∼ 4× 108 M⊙whih is on the
lower end of the TDG HI masses. However, this HI mass only enompasses 21
′′
and
inspetion of Figure 4.9 shows that the lump of HI at the loation of SSC 1 is
larger in size than 21
′′
, so the HI mass would inrease. The g′ luminosity is 3.8× 108
L⊙whih is also on the lower end of the luminosity for TDGs. The metalliity
determination of SSC 1 shows a metalliity similar to other TDGs but it has a
higher SFR. Tran et al. (2003) nd that SSC 1 is not likely to be a bound objet,
but this is on the smaller sale of the HST observations. Jarrett et al. (2006) nd a
higher mass for SSC 1, but inonlusive results on whether SSC 1 is gravitationally
bound. These data will help to nd a more orret mass, and the veloity dispersion
of the HI line will also help with determining whether SSC 1 is gravitationally
bound. In summary, SSC 1 is of similar brightness, olor, and metalliity to other
TDGs. It may be smaller than most TDGs, but it has very high SFR.
5.1.4 [CII℄ emission
This work presents the rst detetion of [CII℄ in the Eastern tidal tail of NGC 2782.
The [CII℄ is oinident with the brightest HII regions. The Western tail of NGC
2782 has a non-detetion of [CII℄ even though its HII region is brighter than any in
the Eastern tail. This indiates that [CII℄ emission is suppressed relative to Hα in
the Western tail. This lak of [CII℄ in the Western tail together with the
non-detetions of CO and the higher than solar abundane of oxygen (Torres-Flores
et al., 2012) indiates that perhaps the Western tail has a high oxygen to arbon
ratio and is undergoing its rst generation of star formation.
The SFR using the [CII℄ emission for the Eastern tail regions ranges from
0.02-0.03 M⊙yr
−1
whih is higher than that found from the Hα emission. However,
the SFR equation for [CII℄ that I use here is based on star forming galaxies, not
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individual HII regions in tidal debris. There may be metalliity eets or dierenes
at lower pressures or gas densities that ould aet the SFR based on [CII℄. These
results may help alibrate star formation rates based on [CII℄ observations in
regions whih are dierent than star forming galaxies where many of the
alibrations are based. Future results from Hershel observations of [CII℄ in HII
regions in galaxies of various metalliities and types are eagerly antiipated.
5.2 Gas Reservoirs for Star Formation on Loal Sales in Tidal Debris
I examine several traers for the reservoirs of gas for star formation in the tidal tails
and nd that these traers are not onsistent. All three tails have abundant neutral
hydrogen gas as traed by the 21 m line of hydrogen. However, only the Eastern
tail of NGC 2782 has deteted moleular gas and ionized gas (though there are no
observations of [CII℄ in the Tadpole). One might expet the Western and Eastern
tails of NGC 2782 to have similar moleular gas masses due to their similar SFR
surfae density from Hα. The Tadpole tidal tail has larger SFR surfae densities
than in the tails of NGC 2782, so one might expet it to have deteted moleular
gas. The detetion limit for CO (1-0) is less than the deteted moleular gas in the
Eastern tail of NGC 2782 whih indiates that there is a lak of moleular gas in the
Tadpole (or, at least, a lak of CO). This lak of CO may be due to its low
metalliity (Z = 0.3Z⊙).
Examining the gas surfae density, I nd that the Eastern tail of NGC 2782
has a higher Σgas than the Western tail. That it does not also have a higher SFR
per area indiates that something dierent is going on between the Eastern and
Western tails of NGC 2782. Due to the non-detetions in CO and [CII℄ ompared to
its HI and Hα, the Western tail of NGC 2782 may be unable to produe detetable
CO or [CII℄ emission. This may be due to a dierene in the ratio of arbon to
oxygen, sine it has a high oxygen abundane from previous spetra. This ould be
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beause the Western tail material is going through its rst generation of stars and
has not had time to build up a higher arbon abundane.
The Tadpole tidal tail has a gas surfae density that is 11-30 times smaller
than in the tails of NGC 2782, but it has a higher SFR density than NGC 2782.
The expeted star formation rate from the gas density is muh higher than the
observed SFR from Hα in the NGC 2782 system, but the two values are more
similar in the Tadpole. This ould indiate that star formation is less eient in the
tidal tails of NGC 2782, but more eient in the Tadpole. Also, I measure star
formation via Hα whih traes only very reent (< 10 Myr) star formation and with
massive enough stars nearby. This means that our SFR values are only a lower limit
and, for NGC 2782, there may be star formation on smaller sales whih did not
produe enough massive O and B stars that would ause Hα emission. The
examination of the GALEX images supports this sine there is FUV and NUV
emission along the tidal tails whih an ome from lower mass B and A stars.
The HI olumn density in tidal tails of mergers was studied on loal sales
by Mullan et al. (2013). They found that tidal tails in minor mergers have more
relatively high olumn density than tidal tails in major mergers. They also study
the veloity gradients of the HI gas and nd that major mergers generally drive gas
to higher veloity gradients on 10 kp sales. However, their sample has twie as
many major mergers than minor ones, so small numbers may be at fault.
Examination of the Tadpole galaxy using similar methods as Mullan et al. (2013)
would be informative sine it is a minor merger with ample star formation in its tail.
5.2.1 The Possibility of Dark Gas in Tidal Debris
Based on the non-detetions of CO(1-0) in the Western tail of NGC 2782, one might
expet the moleular gas to be in another form. The stability diagram for CO also
gives a lue as to how moleular gas an go undeteted. CO does not form until and
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AV of 3 or more, while H2 forms at AV of less than 1 (Hollenbah & Tielens, 1997).
In a low pressure environment like a tidal tail a substantial amount of moleular gas
an exist with onditions that do not favor the formation of CO, so the CO to H2
onversion fator is not a onstant. In the low gas density environment of tidal
debris a substantial reservoir of moleular gas an exist at low AV that will not be
detetable through CO. However, in this regime, [CII℄ will be present in higher
amounts. Theoretial models for moleular louds in Wolre, Hollenbah, & MKee
(2010) show that the fration of moleular mass in the dark gas (H2 and [CII℄) is
f ∼ 0.3 for typial galati moleular louds. For lower AV and lower metalliities
(as in these tidal tail regions), the fration of dark mass in H2 inreases. Given this
reason, I observed the Western tail with the Hershel Spae Observatory to see if
[CII℄ was present where CO was not.
I do not nd [CII℄ in the Western tail at the loation of the HII region at a
signiant level. This HII region has a higher Hα luminosity than any individual
HII region in the Eastern tail, but [CII℄ emission is only deteted in the Eastern
tail. Given that Hα and [CII℄ emission ultimately originate from the same soures
of hard UV photons with energy greater than 13.8 eV, they are expeted to trae
eah other. This indiates that the moleular gas in the Western tail of NGC 2782
does not have signiant amounts of CO or [CII℄. However, this region may have
signiant amounts of moleular gas in the form of H2. Unfortunately, H2 is diult
to diretly detet. The moleule has no dipole moment to produe detetable radio
emission, and an only be deteted through eletron transitions. In general H2 is
not diretly detetable, so I generally rely on surrogate traers suh as CO. The
CO(1− 0) spetral line at 2.6 mm probes the old (∼ 5K, NH2 ≈ 1021cm−2)
moleular gas omponent. Although suh observations allow inferenes of a
moleular gas mass, they are rather insensitive to the highly energeti moleular
environment where stars have reently formed. In order to probe this hot (∼ 2000
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K) omponent and gain a better understanding of the feedbak mehanisms between
the young stars and gas within these regions, 2.12µm H2 emission at the edges of
moleular louds an be observed with narrow band lters.
The 2.12µm H2 line an be exited by either UV radiation from nearby
young massive stars or via shoks from dramati events suh as supernova or
merging gas louds in a galaxy merger. Studies of star forming regions of normal
and starbursting galaxies show that H2 emission from uoresene traes the
amount of star formation ativity (Pak et al., 2004). Davies et al. (1998) also detet
H2 in Blue Compat Dwarf Galaxies using a Fabry-Perot etalon. They see emission
from the bright enters as well as some diuse emission in a tidal tail shape from a
possible galaxy merger. Spitzer Spae Telesope observations of Stephan's Quintet,
a ompat group of galaxies, show very high levels of H2 emission aligned with tidal
debris where star formation ours at a high rate (Appleton et al., 2006). These H2
lines our in the 5− 38µm range and result from shoks in the intergalati
medium, not UV radiation from stars. Though these are longer wavelength lines,
one would expet to also see the 2.12µm H2 line from this region. I an observe this
and other ompat groups for evidene of this emission exited due to shoked gas
whih may be the more ommon exitation mehanism in these systems. Shoks
also our in the tidal debris of major merger NGC 4676 (The Mie). Barnes
(2004) suggested that the observed properties of the merger mathes the models
inluding shok-indued star formation in the merger as opposed to
density-dependent star formation. Subsequent observations of star lusters in NGC
4676 show the ages of the star lusters to be onsistent with the shok-indued star
formation model (Chien et al., 2007). Deep observations of these shoked regions of
NGC 4676 may show the 2.12µm H2 line. Observing the 2.12µm H2 may give
insight into how muh dark gas is in these tidal debris regions.
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5.3 SFE on Loal Sales in Tidal Debris
One proxy for SFE is the gas depletion time (τdep) or the amount to time it would
take for the urrent SFR to deplete the gas (moleular, atomi, or total). The SFE
is then the inverse of the gas depletion time. Other work nds gas depletion times
measured using moleular mass and SFR based on FUV and 24 miron observations
to range from 0.5-2 Gyr in the star forming regions of the major merger Arp 158
(Boquien et al., 2011). TDGs were found by Braine et al. (2001) to have
τdep ∼ 0.8− 4 Gyr using moleular gas and Hα emission. TDGs have similar gas
depletion times to average spiral galaxies. For our tidal tails, I nd short gas
depletion times (< 100− 900 Myr) in the Tadpole tidal tail region SSC 1 indiating
eient star formation. SSC 2 in the Tadpole has gas depletion times ranging from
< 0.6− 3 Gyr, it has a similar SFE to TDGs and normal spiral galaxies. W235 in
the Western tail of NGC 2782 has a higher star formation eieny onsidering its
moleular gas limit (< 1.5 Gyr), but a low star formation eieny onsidering its
HI mass (7.7 Gyr). The HII regions in the Eastern tail of NGC 2782 all have very
low SFE (12-200 Gyr) exept the tidal dwarf galaxy andidate (TDGC) when
onsidering its HI mass and its SFR from [CII℄ and Hα (1.3 Gyr and 5 Gyr,
respetively). A tidally formed region suh as the Western tail of NGC 2782 or the
Tadpole, would have gravitational ompression and possibly enhaned star
formation. Given the higher SFE in SSC 1 or W235, this may be evidene for
gravitational ompression in the tidal tail. I examine this further in the next setion.
5.4 Comparison with Star Formation Laws
To diretly ompare our HII regions in tidal tails of minor mergers to star forming
regions in other mergers and in other galaxies, I plot our data onto plots from other
studies of star formation. First, I ompare our tidal tail regions to star forming
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regions in Arp 158 whih is an intermediate stage merger. Boquien et al. (2011) use
multiwavelength data of major merger Arp 158 to study the loal
Kenniutt-Shmidt law. They rst use the mass of moleular hydrogen, H2, and the
star formation rate from FUV and 24 mirons for individual regions in Arp 158
(inluding the nulei of the merging spirals and regions in the tidal debris) as
ompared to the Kenniutt-Shmidt Law for spiral galaxies (from Bigiel et al., 2008,
see dashed line in Figure 5.1). For Arp 158, they nd that the tidal debris regions
C3 and C5 follow the same Kenniutt-Shmidt Law for moleular hydrogen gas as
in spiral galaxies. The tidal debris region C2 lies above the line, having more star
formation per area than expeted based on its H2. Comparing our regions to theirs
(see Figure 5.1), I nd that ΣH2 for W235 in the Western tail of NGC 2782 and SSC
1 and SSC 2 the Tadpole have omparable values to C5 and C2 in the tidal tails of
Arp 158. For these soures, our ΣH2 is an upper limit sine I have non-detetions in
CO(1-0) and CO(2-1). I also indiate the upper bound of our determinations of ΣH2
based on a larger XCO = 9.4× 1020 m−2 (K km s−1)−1 orresponding to a
metalliity of 0.3Z⊙. SSC 1 in the Tadpole lies above the relation for spiral galaxies
and the soures in Arp 158 indiating that it is more eient at forming stars. This
holds for both the CO(1-0) and CO(2-1) observations and dierent beam sizes. This
also holds even for the dierent CO to H2 onversion fator, though it does lie loser
to the line, but still above it. For both CO observations and aperture sizes, SSC 2 in
the Tadpole lies above the relation onsidering a Milky Way XCO, indiating that it
has more eient star formation than in a spiral galaxy, but less eient than SSC
1. However, for a higher XCO for a lower metalliity, SSC 2 lies just below the line,
indiating slightly less SFE than in a spiral galaxy. W235 in the Western tail of
NGC 2782 is onsistent with the values for C5 in Arp 158 indiating a similar SFE
as in spiral galaxies. For a lower metalliity XCO, W235 lies below the line
indiating a less eient star forming region. The HII regions in the Eastern tail of
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NGC 2782 have a similar ΣH2 to the nulear regions of Arp 158 and the tidal tail
region C3, but they lie well below the Kenniutt-Shmidt relation for moleular
hydrogen indiating a very low SFE. The lear separation of the Eastern tail of
NGC 2782 from the other tidal tail regions indiates that something very dierent is
happening there.
Next, I ompare the total mass surfae density from HI, H2, and He to the
SFR surfae density. Boquien et al. (2011) nd that star forming regions in the tidal
debris of Arp 158 follow a dierent Kenniutt-Shmidt law than those in the entral
regions of the merger, falling along a line of similar slope to Daddi et al. (2010), but
oset so that the same gas density gives lower values of SFR. Using our total mass
surfae densities from HI and CO upper limits (or detetions in the ase of the
Eastern tail of NGC 2782) and SFR from Hα emission, I plot our HII regions as
ompared to the regions in Arp 158 (see Figure 5.2). For this omparison, I have a
lower bound to the total gas density based on the assumption that the total gas
mass is equal to just the mass of HI. In Figure 5.2, the upper limits are denoted by
arrows where the terminus of the arrow demarates the lower bound of the gas
density from the HI observation. The upper end of the arrow (or line segment) then
indiates the total gas density if the moleular gas mass is determined using a larger
XCO orresponding to a metalliity of 0.3Z⊙. SSC 1 in the Tadpole again lies above
the Kenniutt-Shmidt laws for Arp 158 (both quiesent and starburst), now
determined for total gas surfae density. SSC 1 also lies above the Daddi et al.
(2010) relation for quiesent galaxies, but below the Daddi et al. (2010) relation for
starburst galaxies. This indiates a higher SFE for SSC 1 than in normal spiral
galaxies and perhaps at least in one starburst galaxy, Arp 158. If I onsider the
total gas density using the larger XCO, SSC 1 lies lose to the line for starbursts
from Boquien et al. (2011). W235, as mentioned previously, is onsistent with the
star formation in the tidal tail region C5 in Arp 158, whih lies below the line from
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Daddi et al. (2010). This indiates a less eient star formation than in normal
spiral galaxies. The HII regions in the Eastern tail of NGC 2782 again lie well
below the other tidal tail regions indiating a very low SFE. Again, the total gas
surfae density for these regions is similar to the nulear regions of Arp 158, but
with very suppressed star formation. Even onsidering the total gas density,
something dierent is going on with the Eastern tail of NGC 2782.
Finally, I ompare the Kenniutt-Shmidt Law for HII regions in many
dierent types of galaxies as well as integrated observations of galaxies to our
regions in minor merger tidal debris. Figure 6 from Renaud et al. (2012) is
presented in Figure 5.3. This gure shows the total gas surfae density for loal and
global regions in normal, spiral, and dwarf galaxies at low and high redshift versus
their SFR density. These observations are ompared to analytial models using
physially motivated parameters. Of partiular attention to our sample is the small
yan stars representing the Arp 158 observations from Boquien et al. (2011) and a
new sample of tidal debris and outer regions in nearby major mergers (Du et al.,
2012). Our magenta stars from the Tadpole and the Western tail of NGC 2782
overlap with the upper part of the yan stars. This indiates a similar star
formation law as those regions in major mergers. This region at around 10 M⊙p
−2
and 0.003 M⊙yr
−1
kp
−2
, is also oupied by normal spiral galaxies from Kenniutt
(1998b) and Bigiel et al. (2008) as well as the lower bound of HII regions in M51
from Kenniutt et al. (2007). The HII regions in the Eastern tail of NGC 2782 have
a star formation rate law whih is similar to the SMC (Bolatto et al., 2011). This
may indiate that both the SMC and the Eastern tail of NGC 2782 have repressed
star formation given their relatively high gas density. The SMC observations
inluded inferred H2 from HI maps and infrared observations to get a dust to gas
ratio and SFR from Hα.
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The analytial models of Renaud et al. (2012) desribe the relation between
the surfae density of gas and the surfae density of SFR as observed over regions
within galaxies and galaxies as a whole and over several galaxy types. The
parameters of the model are the gas density probability density funtion (PDF) and
a loal star formation law. The PDF represents the turbulene in the ISM. The loal
star formation law has a threshold from the beginning of supersoni turbulene and
regulation by stellar feedbak. They nd that this threshold translates to a break in
SFR at low surfae densities for all sales (regions in galaxies and galaxies as a
whole). They also nd that turbulent regulation explains the 1-2 Gyr gas depletion
timesales in nearby spirals. For more dense and more turbulent systems as in high
redshift galaxies and Milky Way moleular louds, a more shallow relation between
gas surfae density and SFR surfae density is seen. Another area that needs more
study is the low surfae density gas with star formation. Renaud et al. (2012) nd
that regions in Boquien et al. (2011) and in Du et al. (2012) have muh higher SFR
surfae densities for their very low total gas surfae densities. Additional
observations of moleular gas and HI in tidal debris an probe these areas.
As ompared to the models of Renaud et al. (2012), the region of W235 lies
near the model line traing spirals whih has a Mah number of 1, a thikness of 100
p, and a volume density threshold for star formation of 100 m
−3
. SSC 1 lies loser
to the model line traing low-z mergers whih has a Mah number of 2, a thikness
of 200 p, and a volume density threshold for star formation of 10 m
−3
. The HII
regions in the Eastern tail of NGC 2782 are less than the model for the SMC whih
has a Mah number of 2, a thikness of 500 p, and a volume density threshold for
star formation of 100 m
−3
. Sine the SMC has a low metalliity (∼ 0.2 Z⊙), there
are less metal lines available to ool the ISM, leading to less eient ISM ooling, so
the transition to supersoni turbulene happens at a higher density. In the ase of
the SMC, old gas is less abundant possibly due to metalliity eets or inreased
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heating from UV radiation from star formation. In the Eastern tail of NGC 2782, I
suspet that feedbak from stars forming in higher mass star luster omplexes or
possibly its formation as a splash region (versus a tidal region of merger debris)
may have inhibited star formation. In a splash region, shoks may our providing
gas heating during the enounter whih an inhibit star formation. Feedbak from
new stars an also heat the gas and suppress new star formation. Further
observations of the metalliity of the HII regions in the Eastern tail of NGC 2782 as
well as the Kenniutt-Shmidt law in other tidal debris regions an help to sort out
the parameters that aet star formation in these environments.
5.5 Future Work
Several avenues for exploring how star formation proeeds in the tidal debris of
minor mergers are yet to be explored ompletely. In partiular, only two systems
out of fteen minor mergers were explored in this work. Further study an be done
on additional minor mergers individually and on the sample as a whole. Additional
work an be done on star formation in tidal debris, gas properties on loal sales,
and TDG formation.
5.5.1 Star Formation
Future work looking for young star lusters, star luster omplexes, and HII regions
in tidal debris of minor mergers inludes examination of existing ground based
images in UBV R for 13 additional minor mergers and of ground based Hα images
for 7 of those minor mergers. This sample of minor mergers spans a range of
interation stages, mass ratios, and distanes. Using these ground based images of
minor mergers an help to pinpoint areas for examining in detail with future HST
observing programs of minor mergers. The high resolution images of HST are the
best way to determine whether a point soure observed from the ground to be a star
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Figure 5.1: Figure 5 from Boquien et al. (2011) whih plots the SFR density versus
the H2 (no He is inluded) gas surfae density for regions in the merger Arp 158.
The regions from this thesis are over plotted as desribed in the legend. The arrows
indiate upper limits for non-detetions of CO(1-0). The upper end of the arrows
indiates the moleular hydrogen surfae density with a larger XCO orresponding to
a metalliity of 0.3Z⊙. The solid line indiates the Kenniutt-Shmidt Law for H2 in
spiral galaxies (Bigiel et al., 2008).
luster andidate is a star luster or a star luster omplex. Ground based imaging
alone annot aomplish this at the distanes of these minor mergers. The use of
more sophistiated stellar population models whih have emission lines inluded an
also be ompared to the SEDs using photometry of star luster andidates in these
images. This will enable better determinations of ages, masses, extintions, and
metalliity of star lusters and star luster omplexes. Careful modeling and
subtration of the bakground light in the tidal tails will be neessary for orret
SEDs as well.
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Figure 5.2: Figure 6 from Boquien et al. (2011) whih plots the SFR density versus
the total gas surfae density for regions in the merger Arp 158. The regions from
this thesis are over plotted as desribed in the legend. The arrows indiate upper
limits for non-detetions of CO(1-0) and the terminus of the arrow demarates the
lower bound of the gas density from the HI observation. The upper end of the arrows
indiates the total gas density if the moleular gas mass is determined using a larger
XCO orresponding to a metalliity of 0.3Z⊙.
Further examination of HII regions in minor merger tidal debris as well as in
the main interating galaxies an be done with existing ground based narrowband
Hα images for 7 additional minor mergers. These observations an then be used to
determine the SFRs for loal and global properties of the tidal debris and the minor
merger as a whole. Early work on this sample (Knierman, 2010) examining 6
mergers (inluding NGC 2782, presented here), shows a weak trend of inreased Hα
luminosity (and, thus, SFR) with merger stage. However, the seond highest Hα
luminosity was from UGC 260 whih is an early stage merger, indiating perhaps
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Figure 5.3: Figure 6 from Renaud et al. (2012) whih plots the SFR density versus
the total gas surfae density for loal and global regions in normal spirals, mergers,
and dwarf galaxies. The regions from this work are over plotted with magenta stars.
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that individual merger properties are more important. If I add the Tadpole, its SFR
is higher than all of those and it is a late stage merger, also indiating that the
individual properties of the merger itself (e.g., gas ontent, gas density, pressure) are
more important determinations of star formation than just the stage of the merger.
Mullan et al. (2011) found that the age of the tail was not strongly orrelated to the
number of exess star lusters in the tail, also indiating more omplex fators
inuening star formation in tidal tails.
Additional studies of SFR in minor mergers an be done using UV
observations. Arhival data exists for some of the minor merger sample in FUV
and/or NUV with GALEX and some minor mergers have arhival UV imaging with
HST. UV studies of star formation are often plagued by extintion onsiderations,
however, tidal tails are generally thought to have less dust than the entral regions
of mergers giving UV a better hane at giving a more orret SFR. Also, while Hα
emission generally probes star formation on relatively short timesales (< 10 Myr),
UV emission an probe longer timesales (up to 100 Myr) and down to lower mass
stars (B and A stars versus just O and B stars with Hα). These observations will
help to determine better ages for young star lusters and better age and mass
determinations for star lusters and determining whether TDGC and SSC 1 are
tidal dwarf galaxies.
5.5.2 Moleular Gas
To determine a more omplete piture of the gas properties in minor mergers,
additional CO and HI observations are needed. In my sample of minor mergers,
most published CO observations are only of the entral regions. While I have taken
previous observations with the ARO 12 meter submillimeter telesope (Knierman
et al., 2013), its beam size is ∼ 1′, making it useful for only the losest galaxies in
my sample. IRAM has a beam size of 21
′′
, whih is better than the ARO 12 meter,
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but is still very large ompared to optial observations. To study star formation
eieny on smaller sales within tidal debris, a higher spatial resolution for
CO(1-0) observations is needed to better math the Hα and [CII℄ data in NGC
2782 and the Tadpole as well as for the other sample galaxies. Rather than single
dish submillimeter observations, observations with arrays suh as ALMA, CARMA,
or Plateau de Bure Interferometer (PdBI) are needed. CARMA has an angular
resolution of a few arseonds for CO(1-0) and aess to the northern skies where
NGC 2782 and the Tadpole reside. PdBI has ∼ 1′′ resolution, high sensitivity, and
aess to northern skies whih would make it ideal for omparing to optial
observations. Most ideal for tidal debris is ALMA whih has very high spatial
resolution (< 0.1′′) and high sensitivity. However, ALMA is loated in the Southern
Hemisphere and an only observe more southern objets (δ < +40◦). However,
many of the minor mergers in the larger sample are able to be observed with
ALMA. By examining the moleular gas on smaller sales, some results in this work
may be aeted. For example, the Eastern tail of NGC 2782 has a very low SFE
based on the observations presented here. However, the moleular gas detetions are
for a 55
′′
beam whih is muh larger than the individual HII regions in the Eastern
tail of NGC 2782. By having a better math between the sales sampled for eah
observation, the SFE an be determined with more auray.
5.5.3 Turbulene in Tidal Debris
The relationship between turbulene and star formation is a ompliated one for
any environment. Sometimes turbulene an help star formation, but other times it
an suppress star formation. One outstanding question in tidal debris is how
turbulene an aet star formation. Using veloity dispersions and line of sight
veloities from VLA HI maps of mergers, Mullan et al. (2013) study the kinematis
and turbulene in tidal debris and how it relates to star luster formation. Their
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study uses a pixel by pixel approah to determine the line of sight veloity
dispersion, vlos, and (squared) veloity dispersion, σ
2
los. These values are alulated
by using the rst and seond moments, respetively, of the veloity-intensity
distribution. The dynamial state of the gas is then determined from the kineti
energy density, ΣKE = αΣMHIσ
2
los. For an isotropi veloity distribution, α = 3/2,
however, this assumption may not hold for tidal tails whih have streaming motions
in the tidal tails along with projetion eets and inlination angle to onsider. The
transition between turbulent and thermal gas is at σlos ∼ 10 km s−1. Mullan et al.
(2013) also determine the line of sight veloity gradient aross the plane of the sky,
dvlos/dr⊥ using the root mean square of the veloity gradient between the loal pixel
and neighboring pixels. For omparison, the value of the shear in the Milky Way
near the sun is dvlos/dr⊥ = 15 km s−1 kp−1. Both tails of NGC 2782 have high
olumn densities and kineti energy density, but very few star lusters are in the
Western tail. Further exploration of the loal turbulene measures between the tails
of NGC 2782 may lead to inreased understanding of the ause for dierent star
formation morphology in the two tails. Mullan et al. (2013) suggests that minor
merger tidal debris have a higher kineti energy density than tidal debris in major
mergers, however, with only a ouple minor mergers this is a tentative result. My
sample of minor mergers an help to onrm this result with larger numbers. Many
of my sample mergers have arhival VLA HI observations, and I will apply for
EVLA time to omplete the sample.
5.5.4 Formation of TDGs
There are two main hypotheses on TDG formation: a top-down senario and a
bottom-up one. In the top-down senario, gas louds are pulled out from the outer
regions of the parent galaxy whih then ollapse to form a dwarf galaxy sized objet
at the end of the tidal tail (Elmegreen, Kaufman, & Thomasson, 1993). The
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bottom-up senario onsists a stellar omponent pulled out of the parent galaxy
whih then has gas falling into it to form new stars (Barnes & Hernquist, 1996).
Observationally, these are dierent beause the top-down senario will have only a
young stellar population, but the bottom-up senario will have both an old and
young stellar population. Whether TDGC has an old population with its young
population is best found by using near-infrared imaging with optial imaging.
Images taken with PISCES in JHKs on the Bok 90-inh are available and an help
determine whether there is a signiant old population in TDGC. SSC 1 has been
studied in near-infrared 2.2 mirons in Jarrett et al. (2006) who determine that
there is not a signiant population of old stars indiating that SSC 1 likely formed
via a top-down senario. This is dierent than the 13 TDGs in the major mergers of
Weilbaher et al. (2000) who found that TDGs in their sample had an old
population along with the young population. This may indiate that TDGs in
minor mergers may be formed via top-down senarios, but major merger TDGs are
formed via bottom-up formation. However, the TDGs in the major merger NGC
7252 have large HI masses indiating perhaps formation from gas loud instabilities
and a top-down senario (Hibbard et al., 1994). Further work on more minor
mergers with TDGs will help to determine whether the strength of the merger has a
role in TDG formation or if individual system properties are more important.
5.6 Contribution of Tidal Tails to Star Formation
The total amount of star formation in minor merger tidal debris is examined to
determine what its ontribution is to star formation as a whole. To estimate the
total amount of stars formed in the tidal debris of minor mergers, I take a
braketing approah, estimating an upper bound and a lower bound. In the rst
approah, I onsider the mass of star lusters formed in the tidal debris. Even
though these star lusters may or may not persist as separate entities over long
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timesales, the stars within them do ontribute mass to their merger or the IGM. As
a very generous upper bound for the stellar mass reated in minor merger tidal
debris, I take the mass of SSC 1 from Jarrett et al. (2006) using 2.2 miron images
as 1.6× 106 M⊙, and assume that all star lusters in tidal debris are the same mass
as SSC 1. This is an unrealisti value as most star lusters in the tidal debris are
lower mass, but this gives us a maximum possible value. I also assume that the
value from Tran et al. (2003) of ∼ 40 star lusters in the tidal tail of the Tadpole is
the same for all tidal tails in minor mergers. Using these values, I nd a total mass
in star lusters of 6.4× 107 M⊙. As a lower bound, I onsider the mass of W235
from SED tting in Knierman et al. (2013), 2.2× 105 M⊙. For the Western tail of
NGC 2782, an overdensity of 10 star lusters is found in the Western tidal tail whih
gives lower bound on the total mass in star lusters in a tidal tail in a minor merger
of 2.2× 106 M⊙.
The mass of star lusters formed in major merger tidal debris an be
estimated in a similar manner. In the tidal tails of major merger NGC 4676 (The
Mie), de Grijs et al. (2003) nd about 40 star lusters with harateristi masses
of 3× 106 M⊙. For the tidal tails of the Mie, the total mass in young star lusters
is 1.2× 108 M⊙, assuming all star lusters are the same mass. This value for the
total mass in young star lusters from major mergers is almost twie the value
alulated as the maximum value for minor merger tidal debris. Even though these
estimates are very rude, this may indiate that more young star lusters and more
massive star lusters are found in major mergers whih is not surprising sine major
mergers have more material available for star formation.
Merger rates from various observational methods are synthesized together
with a formulation to aount for the visibility of mergers over time (Lotz et al.,
2011) . They nd that the merger rates dier based on the riteria for seletion of
the parent galaxies at dierent redshifts. They nd that the minor merger rate at
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z ∼ 0.7 is three times the major merger rate. The minor merger rate does not
evolve strongly with lower redshift, as opposed to the major merger rate.
Kaviraj et al. (2013) use HST/WF3 observations of massive galaxies at z ∼ 2
in the GOODS-S ERO to nd that, ontrary to expetation, major mergers aount
for only ∼ 27% of the star formation at that redshift. On the other hand, ∼ 55% of
the star formation omes from late type galaxies whih may ome from minor
mergers. If I assume that all of the star formation in late type galaxies at z ∼ 2
omes from minor mergers and that the typial minor merger at this redshift is
similar to the Tadpole galaxy (where 30-50% of the total star formation is ourring
in the tidal tail), then 17-28% of all star formation at z ∼ 2 omes from tidal debris
in minor mergers. However, it is unlikely that all of the late type galaxies are star
forming beause of a minor merger. To determine what fration of massive galaxies
may be having a minor merger, I use the minor merger rate per galaxy from Lotz
et al. (2011) alulated for z ∼ 2, Rgal = 0.8− 1, using the age of the universe at
z = 2 as 3.3 Gyr (Wright, 2006). Using this rate, I nd that between 14-28% of the
total star formation at z ∼ 2 may be due to star formation in tidal tails like in the
Tadpole galaxy. Of ourse, not every minor merger may behave like the Tadpole, so
this is an upper limit to the ontribution to star formation at this redshift.
Sine major mergers are less ommon, what are their ontributions to the
star formation at z ∼ 2? Using NGC 4676 (The Mie) and Hα observations in
Hibbard & van Gorkom (1996), they nd that 31% of the total Hα luminosity is in
the tidal debris whih, translated to a SFR using Kenniutt (1998b), indiates that
34% of the total urrent star formation is in the tidal debris. This is similar to the
lower bound for the Tadpole. Using the major merger rate at z ∼ 2 from Lotz et al.
(2011) (Rgal ∼ 0.6) and the fration of star formation due to major mergers at that
redshift (27%), I nd that the tidal debris of major mergers may aount for ∼ 16%
of star formation at that redshift. This value is at the low end of the fration of star
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formation from minor merger tidal debris as alulated above.
Due to the higher frequeny of minor mergers, they may aount for more
star formation than major mergers, partiularly at higher redshifts. Even if major
mergers may form more stars in their tidal debris, the higher merger rate from
minor mergers an ompensate for the lower SFR in tidal debris. This indiates the
importane of studying minor merger tidal debris sine it an ontribute to star
formation on osmi sales, even more than major mergers.
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